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ABSTRACT
The fossil record of the Early Cretaceous (Barremian) of Las Hoyas includes 
three taxa of amiiform fishes. These taxa, traditionally assigned to the species Caturus 
tarraconensis, Amiopsis woodwardi and Vidalamia catalunica, represent actually three 
new species. These species are the basis for a multidisciplinary study whose objective is 
to comprehend the palaeobiology of these fishes in the context of a wetland ecosystem. 
From a phylogenetic point of view, one of the species represents a primitive lineage, with a 
mosaic combination of characters from both caturoids and amioids. The second species is 
classified as plesion Vidalamiinae, and the third one as a member of this same subfamily. 
A palaeobiogeographic study of the order Amiiformes, including the three species from 
Las Hoyas, shows that the record of this group extends from at least the Early Jurassic 
to Recent times, reaching its maximum diversity during the Cretaceous. Its historical 
distribution is mainly explained by a series of vicariant events that originated from the 
Tethys Sea. The osseochronometric analysis of the growth cessation marks detected 
in the scales of the three species shows that they presented different growth profiles. 
Growth of amiiform fishes seems to have a phylogenetic component, and to be strongly 
influenced by environmental conditions, especially temperature. Actuotaphonomical 
experimentation of decay in extant fish carcasses confirms that a freshwater environment 
favors a severe degradation of tissues. In consequence, the presence of a protection 
mechanism, such as microbial mats, is needed to justify the exceptional preservation of 
the fossil record from Las Hoyas. Additionally, this experimentation shows that carcasses 
suffer abrasion by transport even in very low energy systems. Absence of evidence of 
abrasion in the amiiform fossil fishes of Las Hoyas suggests that their association at this 
site is autochthonous in origin. The autochthony of the association allows to interpret 
the sample of each of the three species as representative of their original populations. An 
analysis of the population structure of these species shows that they presented habitat 
partitioning: juvenile and adult individuals did not inhabit the same environment. The 
ecological role played by the three species in the palaeowetland of Las Hoyas would be 
different both ontogenetically within each species and interspecifically.
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RESUMEN
El registro fósil del Cretácico Inferior (Barremiense) de Las Hoyas incluye tres taxa 
de peces amiiformes. Dichos taxa, tradicionalmente asignados a las especies Caturus 
tarraconensis, Amiopsis woodwardi y Vidalamia catalunica, representan, sin embargo, 
tres especies nuevas. Estas tres especies son la base de un estudio multidisciplinar que 
tiene por objetivo comprender su paleobiología en el contexto de un ecosistema de tipo 
wetland. Desde un punto de vista filogenético, una de las especies representa un linaje 
primitivo, con una combinación en mosaico de caracteres de caturoideos y amioideos. 
La segunda especie es clasificada como plesión Vidalamiinae, y la tercera como un 
miembro de esta misma subfamilia. Un estudio paleobiogeográfico del orden Amiiformes, 
incluyendo las tres especies de Las Hoyas, muestra que el registro de este grupo se 
extiende al menos desde el Jurásico Inferior hasta nuestros días, alcanzando su máxima 
diversidad durante el Cretácico. Su distribución histórica se explica fundamentalmente 
en base a eventos de vicarianza que tuvieron en el Mar de Tethys su centro de origen. 
El análisis oseocronométrico de las marcas de parada de crecimiento detectadas en las 
escamas de las tres especies muestra que éstas presentaban patrones de crecimiento 
diferentes. El crecimiento de los peces amiiformes parece tener un componente 
filogenético, y estar fuertemente ligado a las condiciones ambientales, especialmente a 
la temperatura. Un estudio de experimentación actuotafonómica de descomposición de 
carcasas de peces actuales confirma que un ambiente dulceacuícola favorece una severa 
degradación de los tejidos. En consecuencia, debió existir un mecanismo de protección, 
como el crecimiento de tapetes microbianos, que permitiese la excepcional preservación 
del registro fósil de Las Hoyas. Además, la experimentación demuestra que las carcasas 
sufren procesos de abrasión por transporte incluso en sistemas de muy baja energía; la 
ausencia de indicios de abrasión en los peces amiiformes de Las Hoyas sugiere que su 
asociación en este yacimiento es de origen autóctono. La autoctonía de esta asociación 
permite interpretar la muestra de cada una de las tres especies de amiiformes como 
representativas de sus poblaciones originales. El análisis de la estructura poblacional 
de estas especies demuestra que éstas presentaban división de hábitats: los juveniles y 
adultos no habitaban en el mismo ambiente. El papel ecológico de las tres especies en 
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DISSERTATION STRUCTURE
 The present PhD Thesis was originally limited to be the systematic and taxonomic 
description of the (then) putative new species of amiiform fishes of the fossil record form 
the palaeontological site of Las Hoyas. The provisional title of that project, registered 
at the Universidad Autónoma de Madrid on 2010, was “Review of the Amiiforms from 
the Lower Cretaceous of Las Hoyas, Cuenca”. However, the concession of consecutive 
research projects for Las Hoyas, endorsed and founded by the Ministry of Science and 
Innovation (or equivalents) and led by Dra. Ángela Delgado Buscalioni, revealed the 
necessity of incorporating and coordinating this PhD project into a much more inclusive 
framework developed in a teamwork environment. This involved integration of different 
disciplines in order to really get to comprehend the role of these organisms on their 
original ecosystems, as well as their evolutionary history while contributing to the 
advance of the general research project at the site. As the change on the title shows, 
this resulted in a multidisciplinary and integrative approach to the study of the amiiform 
fishes from Las Hoyas.
 The structure of this memoir is that of a monography, rather than being built 
up with distinct articles. Nonetheless, most of the chapters have been adapted to 
article format for their publication. Some of them have been already published or are 
in process of being. For structure coherence, not all of the published papers have been 
directly included as such in the present dissertation, but some have been integrated as 
complete sections. The contents of those articles not directly included have been spread 
throughout several sections.
 The multidisciplinary nature of the present PhD thesis justifies its division into 
eleven chapters, the main six being entitled after major palaeontological disciplines. 
Each of them necessarily includes its own introduction, discussion and conclusions.
 The first chapter establishes the framework for the rest of the dissertation. This 
chapter begins with a brief presentation to Las Hoyas fossil site. Then, the order Amiiformes 
and its fossil record are presented from a global point of view and for the Iberian 
PRESENTATION  |  PRESENTACIÓN
[ 010 ]
Peninsula in particular. This section includes the first complete article, “History of two 
lineages: Comparative analysis of the fossil record in Amiiformes and Pycnodontiformes 
(Osteichthyes, Actinopterygii)” (Poyato-Ariza and Martín-Abad, 2013). These two orders 
of fishes, both especially abundant during the Mesozoic, are frequently found forming 
part of the same fossil associations, and therefore the comparison of their records seemed 
appropriate to establish a starting point for the study of the amiiforms from Las Hoyas. A 
part of another published article, “Amiiforms from the Iberian Peninsula: historic review 
and research prospects” (Martín-Abad and Poyato-Ariza, 2013a), is included herein as 
well. Finally, the general material and methods for the study of amiiform fishes in this 
PhD thesis are explained.
 The second chapter, under the title of Comparative Anatomy, focuses on a 
detailed anatomical description of two of the three species of amiiform fishes from the 
site. The description of the third species has not been done yet due to a much reduced 
and worse preserved record. A large part of this comparative study was developed during 
a two months research stay at the Field Museum of Natural History in Chicago, which 
houses the worldwide largest collection of amiiform fishes, both extant and extinct. With 
this same objective, a three months stay was also carried out at the Muséum National 
d’Histoire Naturelle at Paris, as well as two shorter stays at the Museu de Geologia de 
Barcelona and the Institut d’Estudis Ilerdencs, in Lérida. This chapter will be split into 
two distinct manuscripts for their publication.
 The third chapter, Phylogeny, consists of a cladistics analysis of amiiform fishes by 
incorporating the species from Las Hoyas to the data matrix developed by Grande and 
Bemis (1998) on their monographic paper on amiid fishes. The results of this analysis 
and their impact on the current phylogeny of this group will also be submitted for 
publication.
 The forth chapter, Taxonomy and Classification, presents a walkthrough on the 
taxonomical controversy that has traditionally affected numerous amiiform taxa, including 
those from Las Hoyas. Thereby, the second half of the previously cited article (Martín-
Abad and Poyato-Ariza, 2103a) is here integrated. Then, the Systematic Palaeontology 
for the amiid species from Las Hoyas is established by integrating the taxonomic revision 
with the results of the phylogenetic analysis.
 The fifth chapter, Palaeobiogeography, is a study of the patterns of diversification 
that have defined the distribution of amiiform fishes throughout their history. With 
this purpose, their record is compared once again with that of the Pycnodontiformes. 
[ 011 ]
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Another published paper is included in this chapter: “Historical patterns of distribution 
in Pycnodontiform and Amiiform fishes in the context of moving plates” (Martín-Abad 
and Poyato-Ariza, 2013b).
 The sixth chapter, Osseochronometry, focuses on the study of age and growth of 
the amiiforms from Las Hoyas and its comparison with that of other fishes of the same 
order. With this objective, growth cessation marks recorded on skeletal structures were 
studied. This work was mainly developed during two research stays of two months each 
at the Royal Tyrrell Museum of Paleontology in Alberta, Canada. This project was carried 
out together with the study of the palaeobiology of the amiiforms from the Dinosaur 
Provincial Park (Alberta), and has been submitted for publication under the title “Diversity 
and Paleoecology of the Amiidae of the Upper Cretaceous Oldman and Dinosaur Park 
Formations (Campanian) of Alberta, Canada” (Martín-Abad et al., in review).
The seventh chapter, Taphonomy, aims for an interpretation of the fossilization 
processes experienced by the fishes from Las Hoyas in their environment. Likewise, 
it aims to explain the singularities of the fossil record of amiiforms at this site. This 
chapter stems from my Bachelor’s Degree Final Project and my Minor Thesis, which 
were developed within an innovative research line based on actuotaphonomical 
experimentation, originally created at the Unidad de Paleontología of the Universidad 
Autónoma de Madrid. The text presented in this part constitutes a chapter accepted for 
publication in the monographic book that will be released this year (2015) about Las 
Hoyas (Martín-Abad and Poyato-Ariza, in press).
The eighth chapter intends to integrate the results from each of the different 
disciplines carried out throughout the thesis with the aim of developing a palaeoecological 
synthesis for the amiiforms of Las Hoyas.
The main conclusions obtained in the different studies composing this thesis are 
resumed in the ninth chapter.
The references chapter (number ten) does not include those publications that 
are only cited on the complete articles integrated on the dissertation, since they present 
their own list of references.
Finally, the eleventh chapter is a group of appendices which include the data, 
especially numerical data sets, that have not been integrated into their respective 
sections to avoid interrupting the argumentative thread.
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GENERAL OBJECTIVES
 The particular objectives of each chapter of the dissertation, some of which 
arose as a consequence of the research on other chapters, are detailed at the beginning 
of each particular section. Here, the initial and more general objectives for this work are 
listed. The present thesis aims to:
• Compile and analyze the known record of amiiform fishes, both globally and 
for the Iberian Peninsula in particular.
• Confirm if the species of amiiform fishes from Las Hoyas are the same or 
are closely related to those from El Montsec, as has been suggested in the 
literature.
• Develop a detailed anatomical description for the amiiform taxa present at 
Las Hoyas, especially for those better represented in the fossil record of the 
site.
• Stablish the phylogenetic position of these taxa within the order Amiiformes, 
as well as pondering the consequence of their inclusion into the current 
phylogeny for this group of fishes.
• Establish the new taxonomical assignment and define the diagnosis of the two 
most common species, if they happen to be new taxa. For the third one, with 
a much scarcer record, to carry out a tentative taxonomical identification.  If 
necessary, to modify the current taxonomy for the amiiform fishes whose 
phylogenetic position is affected by the inclusion of the taxa from Las Hoyas.
• Identify the patterns of dispersion that have defined the historic distribution 
of amiiform fishes worldwide. Verify if the putative new classification of this 
group after inclusion of the taxa from Las Hoyas involves any modification to 
the interpretation of their patterns of distribution.
• Estimate the age and growth parameters for the amiiform fishes from Las 
Hoyas. To carry out an analysis of their population structure and to compare 
these parameters with those from other amiiforms in order to obtain 
palaeoecological interpretations.
[ 013 ]
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• Identify the evolutionary patterns that have affected the phenotype of 
amiiform fishes throughout the temporal range recorded at Las Hoyas site.
• Provide an explanatory hypothesis for an enigmatic feature of the fossil 
record of the amiiforms from Las Hoyas: the occurrence of numerous very 
small-sized individuals together with extremely rare large individuals.
• Determine the whether the fossil remains of amiiform fishes at Las Hoyas are 
autochthonous or allochthonous. 
• Develop an actuotaphonomical research line to help comprehend the 
general palaeoecology of the site and, especially, to explain the exceptional 
preservation of its fossil record.
PRESENTATION  |  PRESENTACIÓN
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ESTRUCTURA DE LA TESIS
La presente tesis doctoral se limitaba, en su origen, a ser una descripción 
sistemática y taxonómica de las, por aquél entonces, probablemente nuevas especies de 
peces amiiformes que formaban parte del registro fósil del yacimiento paleontológico de 
Las Hoyas. El título provisional de este proyecto, inscrito en la Universidad Autónoma de 
Madrid el año 2010, era “Revisión de los Amiiformes del Cretácico Inferior de Las Hoyas, 
Cuenca”. Sin embargo, la concesión de sucesivos proyectos de investigación para Las 
Hoyas, avalados y financiados por el Ministerio de Ciencia e Innovación (o equivalentes), 
dirigidos por la Dra. Ángela Delgado Buscalioni, hizo necesaria la incorporación y 
coordinación de este proyecto de tesis en un marco mucho más inclusivo, desarrollado 
en un ámbito de trabajo en equipo. Esto demostró la necesidad de integrar distintas 
disciplinas para realmente llegar a comprender el papel de estos organismos en sus 
ecosistemas originales, así como su historia evolutiva, y al mismo tiempo contribuir al 
avance del proyecto de investigación general del yacimiento. Tal y como demuestra el 
cambio en el título, esto resultó en una aproximación multidisciplinar e integradora para 
el estudio de los peces amiiformes de Las Hoyas. 
Para la elaboración de esta memoria no se optó por la modalidad de artículos; su 
estructura se corresponde más con la de una monografía. No obstante, la mayoría de los 
capítulos que la componen han sido adaptados al formato de artículo científico para su 
publicación; algunos de ellos han sido publicados ya o están en proceso de serlo. Si bien 
no todos los artículos han sido incluidos directamente como tales en la presente tesis 
por motivos de coherencia estructural, otros en cambio sí han sido integrados como 
epígrafes completos de alguna de sus partes. Los contenidos de aquéllos que no se han 
incluido directamente se encuentran divididos entre varios epígrafes.
La naturaleza multidisciplinar de la presente tesis doctoral justifica su división 
en once capítulos, las seis principales tituladas en base a grandes disciplinas de 
la Paleontología. Cada una de éstas incluye necesariamente, por tanto, su propia 
introducción, discusión y conclusiones.
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El primer capítulo establece el marco de estudio para el conjunto de la tesis. Esta 
parte comienza con una breve presentación del yacimiento de Las Hoyas. A continuación, 
se introduce el orden de los peces Amiiformes y su registro fósil, tanto desde un punto 
de vista global como específicamente en la Península Ibérica. En este apartado se incluye 
un primer artículo completo, “History of two lineages: Comparative analysis of the fossil 
record in Amiiformes and Pycnodontiformes (Osteichthyes, Actinopterygii)” (Poyato-Ariza 
y Martín-Abad, 2013). Estos dos órdenes de peces, ambos especialmente abundantes en 
el Mesozoico, aparecen frecuentemente en las mismas asociaciones fósiles, por lo que 
se ha considerado que una comparación de sus registros resultaría útil para establecer 
un marco de partida para el estudio de los Amiiformes de Las Hoyas. Se incluye también 
parte de otro artículo publicado, “Amiiforms from the Iberian Peninsula: historic review 
and research prospects” (Martín-Abad y Poyato-Ariza, 2013a). Finalmente, se describen 
los materiales y métodos generales para el estudio de los fósiles de amiiformes para esta 
tesis.
El segundo capítulo, titulado Anatomía Comparada, se centra en la descripción 
anatómica detallada de dos de las tres especies de peces amiiformes presentes en el 
yacimiento. La descripción de la tercera especie no se ha podido realizar todavía por 
presentar ésta un registro mucho menor y con una peor preservación. Gran parte de este 
estudio comparativo se llevó a cabo durante una estancia de investigación de dos meses 
en el Field Museum of Natural History, en Chicago, donde se alberga la mayor colección 
del mundo de peces amiiformes, tanto fósiles como actuales. Con el mismo objetivo se 
desarrolló una estancia de tres meses en el Muséum National d’Histoire Naturelle de 
París, así como dos estancias más cortas en el Museu de Geologia de Barcelona y en el 
Institut d’Estudis Ilerdencs de Lérida. Esta parte se dividirá en dos manuscritos para su 
publicación.
El tercer capítulo, Filogenia, consiste en un análisis cladístico de los peces 
amiiformes incorporando las especies de Las Hoyas a la matriz de datos elaborada por 
Grande y Bemis (1998) en su trabajo monográfico sobre amíidos. Los resultados de este 
análisis y su impacto en la filogenia establecida hasta ahora para este grupo de peces 
serán enviados también para su publicación.
El cuarto capítulo, Taxonomía y Clasificación, presenta un recorrido por la 
problemática taxonómica que tradicionalmente ha afectado a numerosos taxa de peces 
amiiformes, incluyendo los de Las Hoyas. De esta manera, se integra aquí la otra mitad 
del artículo citado anteriormente (Martín-Abad y Poyato-Ariza, 2013a). A continuación, 
se establece la Paleontología Sistemática para las especies de amíidos de Las Hoyas 
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integrando la revisión taxonómica con los resultados del análisis filogenético.
El quinto capítulo, Paleobiogeografía, es un estudio de los patrones de dispersión 
que han definido la distribución de los peces amiiformes a lo largo de su historia. Para 
ello, se comparó una vez más su registro fósil con el de los Pycnodontiformes. En este 
capítulo se incluye otro artículo ya publicado, “Historical patterns of distribution in 
Pycnodontiform and Amiiform fishes in the context of moving plates” (Martín-Abad y 
Poyato-Ariza, 2013b).
El sexto capítulo, Oseocronometría, se centra en el estudio de la edad y 
crecimiento de los amiiformes de Las Hoyas y su comparación con otros peces del 
mismo orden. Para ello, se estudiaron las líneas de parada de crecimiento marcadas 
en estructuras esqueléticas. Este trabajo se desarrolló fundamentalmente durante 
dos estancias de investigación de dos meses cada una en el Royal Tyrrell Museum of 
Paleontology de Alberta, Canadá. Este proyecto se desarrolló en conjunto con el estudio 
de la paleobiología de los amiiformes del Dinosaur Provincial Park (Alberta), y ha sido 
enviado para su publicación con el título “Diversity and Paleoecology of the Amiidae of 
the Upper Cretaceous Oldman and Dinosaur Park Formations (Campanian) of Alberta, 
Canada” (Martín-Abad et al., in review).
El séptimo capítulo, Tafonomía, tiene como objetivo realizar una interpretación 
de los procesos de fosilización ocurridos a los peces de Las Hoyas en su medio ambiente. 
Así mismo, pretende explicar las peculiaridades del registro fósil de amiiformes en 
este yacimiento. Este capítulo se deriva de mi Proyecto Fin de Carrera y mi Trabajo de 
Estudios Avanzados, que se desarrollaron bajo una línea de investigación innovadora 
basada en experimentación actuotafonómica, iniciada en la Unidad de Paleontología de 
la Universidad Autónoma de Madrid. El texto presentado en esta parte constituye un 
capítulo aceptado para su publicación en el libro monográfico que se publicará este año 
2015 sobre Las Hoyas (Martín-Abad y Poyato-Ariza, in press).
El octavo capítulo es una reflexión que integra los resultados obtenidos a partir 
de las distintas disciplinas aplicadas a lo largo de la tesis, con el propósito de desarrollar 
una síntesis paleoecológica de los peces amiiformes de Las Hoyas.
En el noveno capítulo se resumen las conclusiones principales obtenidas en los 
distintos estudios que componen esta tesis.
Las referencias (capítulo diez) no incluyen aquellas publicaciones que se citan 
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exclusivamente en los artículos que han sido integrados completos en la tesis, pues éstos 
presentan su propia bibliografía.
Por último, el undécimo capítulo es un compendio de apéndices en los que 
se incluyen aquellos datos, especialmente numéricos, que no han sido incluidos 
directamente en sus respectivas secciones para no interrumpir el hilo argumentativo de 
las mismas.
OBJETIVOS GENERALES
Los objetivos particulares de cada capítulo de la tesis, algunos de los cuales fueron 
surgiendo según se avanzaba en capítulos complementarios de la misma, se detallan al 
inicio de cada uno de ellos. A continuación, se exponen los objetivos iniciales y más 
generales de este trabajo.
• Llevar a cabo una recopilación y análisis del registro conocido de peces 
amiiformes, tanto a nivel global como a nivel más particular para la Península 
Ibérica.
• Comprobar si las especies de amiiformes de Las Hoyas son las mismas o están 
relacionadas próximamente con las de El Montsec, tal y como se ha sugerido 
en la literatura hasta la actualidad.
• Desarrollar una descripción anatómica lo más detallada posible de los 
distintos taxa de amiiformes presentes en Las Hoyas, especialmente de 
aquellas especies mejor representadas en el registro del yacimiento.
• Identificar la posición filogenética que ocupan estos taxa en el orden 
Amiiformes, así como ponderar el efecto de su inclusión en la filogenia actual 
de este grupo de peces.
• En caso de tratarse de nuevos taxa, establecer la nueva asignación taxonómica 
y definir la diagnosis de las dos especies más abundantes; para la tercera, 
con un registro muy escaso, realizar una identificación taxonómica tentativa. 
Si fuese necesario, modificar la taxonomía actual para los peces amiiformes 
cuya posición filogenética se viese afectada por la inclusión de los taxa de Las 
Hoyas.
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• Identificar los patrones de dispersión que han definido la distribución 
histórica de los peces amiiformes a escala global. Comprobar si la posible 
nueva clasificación de este grupo debida a la inclusión de los taxa de Las Hoyas 
implica una modificación en la interpretación de sus patrones de distribución.
• Estimar los parámetros de edad y crecimiento de los peces amiiformes de 
Las Hoyas. Realizar un análisis de su estructura poblacional. Comparar 
estos parámetros con los observados en otros amiiformes, para obtener 
interpretaciones paleoecológicas.
• Identificar patrones evolutivos que afecten al fenotipo de los peces amiiformes 
a lo largo del rango temporal registrado en el yacimiento de Las Hoyas.
• Proporcionar una hipótesis explicativa para una enigmática característica del 
registro fósil de amiiformes en el yacimiento de Las Hoyas: la presencia de 
numerosos individuos de muy pequeño tamaño junto con extremadamente 
escasos individuos de gran tamaño.
• Determinar la condición de autoctonía o aloctonía de los restos fósiles de 
peces amiiformes en Las Hoyas.
• Desarrollar una línea de investigación actuotafonómica que ayude a la 
comprensión de la paleoecología general del yacimiento, y especialmente 










CHAPTER 1: FRAMING LAS HOYAS AND THE AMIIFORM FISHES
1.1 ABOUT LAS HOYAS
The Early Cretaceous fossiliferous laminated limestones of the Las Hoyas fossil site 
are located in the Serranía de Cuenca (east-central Spain). Soon after being discovered, 
they were recognized as part of La Huérguina Limestone Formation (Sanz et al., 1988). La 
Huérguina Fm. (Vilas et al., 1982, 1983) is a late Hauterivian-Barremian lithostratigraphic 
unit, which crops out all throughout the Southwestern Iberian Ranges. This formation has 
always been interpreted as the result of sedimentation in fluvio-lacustrine, palustrine, 
and lacustrine environments (Fregenal-Martínez and Meléndez, in press). The current 
working hypothesis is that its regional extension, array of environments, and general 
palaeogeographical framework in terms of location, climate, tectonic setting, topography, 
and substrate, inidicate that La Huérguina is an ancient equivalent of a regional-scale 
system of tropical wetlands (Fregenal-Martínez and Dunagan, 2010). Las Hoyas would 
be a pool, a small part of this wetland system composed by flooded plains, ponds, small 
lakes, channels, and sloughs (Buscalioni et al., in press).
 
Las Hoyas is more precisely dated as late Barremian (125 million years ago), 
mainly on the basis of ostracodes and charophytes (Diéguez et al., 1995). Haywood et 
al. (2004) proposed a model for Barremian Wealden climates in Western Europe that 
describes a climate of strong temperature seasonality, with mean temperatures of 
4-8ºC during the cold months and 36-40ºC during the warm months, and high annual 
precipitations. Strong seasonal differences in landscape geomorphology would reflect 
on water availability. During the wet season, the ponds, lakes and pools had their highest 
water levels; palustrine and alluvial plains were flooded and all channels were active. 
During the dry season, most ponds dried out, lakes had lower water levels, pools were 
dominated by the development of microbial mats; alluvial and palustrine plains were 
subaerially exposed, and ephemeral channels remained inactive (Fregenal-Martínez and 
Meléndez, in press). The presence of dinosaur and crocodile trails in the site also supports 
strong water level oscillations associated to the alternation of wet and dry periods.
The high taxonomic fidelity, characterized by a high diversity of the major vegetal 
and animal groups, also supports the comparison of Las Hoyas with extant seasonal 
subtropical wetlands systems (Buscalioni et al., in press). Animals constitute a very large 
proportion of the total diversity at specific level. Vertebrates represent about 29% of 
this diversity; and within them, fishes are, by far, the most abundant and diverse group.
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THE FISH ASSEMBLAGE
About five thousand fish specimens have been retrieved from Las Hoyas to 
date, after 25 years of excavations. The fish assemblage of Las Hoyas is constituted by 
condrichthyans and osteichthyans. The former are very scarce; up to now, only four shark 
specimens have been found. Osteichthyans, on the contrary, are much more abundant 
and diverse, including both sarcopterygians and actinopterygians. Sarcopterygian 
fishes are represented solely by coelacanths. Actinopterygians, by contrast, are highly 
diversified. They include several holostean orders, direct relicts of Late Triassic and 
especially Jurassic faunas, as well as different lineages of teleosts, which were still getting 
diversified during the Early Cretaceous. Figure 1.1 shows the relative abundance of each 
group, according to our currently available data base of the collection in the museum.
Figure 1.1. Pie chart graphic showing the relative frequencies of fish specimens found so far at Las 
Hoyas.
Thirteen different genera of fishes distributed in eight orders have been cited 
from Las Hoyas so far (e.g., Sanz et al., 1988; Poyato-Ariza and Wenz, 1995; Poyato-Ariza 
2005a,b; Poyato-Ariza and Martín-Abad, in press). This does not include most of the 
primitive teleosteans, among which there are probably at least three different genera 
(morphotypes A1-2, B and C from Poyato-Ariza and Martín-Abad, in press) that have 
not been described to date. Some other osteichthyan groups, notably macrosemiids, 
amiiforms and pleuropholids, have not been studied in detail yet either. In total, there are 
20 fish forms (genera, species and/or morphotypes; see Table 1.1). Among the described 
taxa, there are two genera and five species endemic from Las Hoyas.
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Coelacanthiformes cf. “Holophagus” sp.
Pycnodontiformes Stenamara mia
Turbomesodon praeclarus
Macrosemiiformes Notagogus aff. N. ferreri
Propterus sp.
Semionotiformes “Lepidotes” microrhis
“Lepidotes” aff. L. microrhis
“Lepidotes” tanyrhis
Amiiformes Caturus sp.
Amiopsis cf. A. woodwardi 
Vidalamia cf. V. catalunica
Teleostei order incertae sedis Pleuropholis sp.








Table 1.1. Osteichthyan taxa and morphotypes found at Las Hoyas (modified from Poyato-Ariza and 
Martín-Abad, in press).
The fish record from Las Hoyas presents several remarkable features that make it 
rather unique. First of all, it is very usual that the adult individuals of most taxa show a very 
noteworthy phenomenon of size reduction. The “Lepidotes”-like species (in quotation 
marks here because the genus Lepidotes is now restricted to the Lower Jurassic; López-
Albarello, 2012), the fossil fishes with the most extensive temporal and geographical 
record during the Mesozoic, constitutes the best example. Some species reach up to 
two meters long in other localities, whereas the longest complete, adult specimens from 
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Las Hoyas do not exceed 16 cm. It is the same for the fishes of the family Chanidae, which 
measure 4-5 cm at most at Las Hoyas, while chanid taxa from other Cretaceous localities, 
such as Tharrihas, are up to 70 cm long (Blum, 1991), and the extant Chanos, the type 
genus, is even bigger, reaching up to 180 cm long (e.g., Smith, 1986; Moyle and Cech, 
1988; Lieske and Myers, 1994). Pleuropholids, macrosemiids, and specially amiiforms 
would also serve as good examples. It has been speculated that this phenomenon of size 
reduction might be related with environmental stress (Poyato-Ariza, 2005b; Buscalioni 
and Fregenal-Martínez, 2010) that could be caused by reduced habitats, eutrophic 
waters, or other environmental conditions. Nevertheless, very infrequently a few large 
specimens of some of this taxa have been found, generally incomplete (i.e., very large 
ganoid scales). This means that, whereas juveniles and small-sized adult specimens are 
more common, larger ones do exist as well.
Apart from that, the remarkable abundance of exceptionally well preserved 
juvenile forms is also important because it includes some of the smallest fish specimens 
known from Konservätt-Lagerstätten, measuring down to one centimetre long (Poyato-
Ariza and Wenz, 1995), but still in a perfect state of preservation. In this sense, it is 
worth noticing that a juvenile specimen of Turbomesodon praeclarus from Las Hoyas 
is the smallest specimen of pycnodontiform fish currently known (24 mm in standard 
length; Poyato-Ariza and Wenz, 2004). It is also the case of the amiids present at Las 
Hoyas. Additionally, the presence of complete growth series (from very young to adult 
specimens, even if they are relatively small-sized) in the fishes from this continental 
locality shows that the hypothesis by Schultze et al. (1994) and Schultze (1999) that a 
growth series is indicative of a marine coastal environment is not supported by empiric 
data.
Another unusual characteristic of the Las Hoyas fish record is its continental origin. 
Although it is very similar to the record of the classic Jurassic marine sites from Europe 
such as Cerin or Solnhofen, with which it even shares several genera (Turbomesodon, 
Notagogus, Propterus, , Pleuropholis, …), it is the only one among them that clearly 
represents a continental palaeoenvironment (Fregenal-Martínez and Meléndez, 2000; 
Buscalioni and Fregenal-Martínez, 2010). Even in the most similar faunal association 
from the Early Cretaceous, the one from El Montsec (Lérida, north-eastern Spain), which 
presents several genera and species in common with La Hoyas, some marine influence 
has been detected (e.g., Barale et al., 1994). In fact, the record from Las Hoyas is the first 
clear evidence for nonmarine coelacanths and pycnodontiform fishes (Poyato-Ariza et 
al., 1998).
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Finally, the ichthyofauna from the Early Cretaceous of Las Hoyas is also especially 
remarkable because it represents one of the last and best known fish communities related 
with Late Jurassic relict faunas, before the Late Cretaceous teleostean replacement took 
place. Teleosts were playing a key role during the Cretaceous in Europe; while holosteans 
were still highly diversified in the Early Cretaceous, they would gradually be replaced by 
teleosts, which were undergoing diversification at this time, as can be seen in the record 
of localities such as Pietraroja (Capasso, 2007). In the end, teleosts would constitute 
the major component of all known ichthyofaunas from the Late Cretaceous on. This 
is largely due to the fact that up to the Early Cretaceous, teleostean fishes occupied 
generalised ecological niches: they were all small to medium-sized, have a fusiform 
body with short fins, and very few or no teeth at all, which confers them a very low 
ecomorphological disparity. From the Late Cretaceous on, however, they will experience 
a major morphological and ecological diversification, taking over the most specialized 
niches, to become the basis of all modern osteichthyan fish faunas (Poyato-Ariza and 
Martín-Abad, in press). 
This event of a major ichthyofaunal takeover during the Late Cretaceous is not yet 
seen at Las Hoyas, whose fish fauna is still primitive and, in essence, presents the same 
ecomorphotypical structure than the Late Jurassic European faunas, such as Solnhofen 
or Cerin, gathering both diversified holosteans of specialised morphotypes, and a divese 
array of primitive teleosts of generalised ecomorphotypes (Poyato-Ariza, 1997).
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1.2 ON AMIIFORM FISHES
Amiiform fishes constitute an order of actinopterygian fishes especially abundant 
during the Mesozoic, although its fossil record extends to our days, with a single extant 
species, Amia calva (Fig 1.2), which is also the type species. Primitive amiiforms inhabited 
marine waters, whereas the more derived species dwelled on freshwater systems. 
The distribution of Amia calva today is restricted to the fresh waters of Eastern North 
America, where it is relatively abundant.
Figure 1.2. Amia calva (“Amia calva 4” by Stan Shebs. Licensed under CC BY-SA 3.0 via Wikimedia 
Commons - http://commons.wikimedia.org/wiki/File:Amia_calva_4.jpg#mediaviewer/File:Amia_
calva_4.jpg).
Amia calva, and by extension some of its extinct relatives, is also known as the 
bowfin, but it receives many other names, including dogfish, mudfish, grinnel, speckled 
cat, spot-tail, etc. (Becker, 1983). It is a large predator, usually associated with shallow, 
weedy lakes, swamps, and backwater areas (e.g., Etnier and Starnes, 1993).
Amiiforms are one of the very few orders of holostean fishes with extant 
representatives. Amia calva has usually be thought of as a “living fossil” (e.g., Lee et al., 
1980; Schultze and Wiley, 1984; Gardiner et al., 1996), and the amiiformes are considered 
a very important outgroup for phylogenetic and comparative studies of teleostean fishes, 
the largest monophyletic group of vertebrates (Grande and Bemis, 1998). Because of 
its relatively primitive appearance, Amia calva has traditionally been used as a basic 
model for the study of osteology of actinopterygian fishes and even primitive tetrapods, 
especially for the skull (Fig 1.3).
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Figure 1.3. Skull of Amia calva with pectoral girdle attached; specimen from UAM Colección de 
Prácticas, Unidad de Paleontología. Scale bar equals 10 cm.
SYSTEMATICS
Amiiformes is an order of holostean fishes. The term holostean traditionally 
referred to an anatomical level (e.g., Patterson, 1977), rather than to a natural 
group. Holostei is however currently understood as a division within the Infraclass 
Neopterygii (e.g., Grande, 2010). Neopteryigian fishes are a group that includes all 
actinopetrygians except the basal forms traditionally known as “chondrosteans”, such as 
the extant Acipenser, the sturgeons, plus Polypteriformes, the bichirs. Consequently, the 
chondrosteans do not constitute a monophyletic group (Fig 1.4). Amiiformes are thus 
included within Neopterygii, together with many other orders.
The phylogenetic relationships of the amiiforms, particularly at the supra-ordinal 
level, have been a case of strong debate during the last century and a half. Especially 
remarkable has been the so-called “gar-Amia-teleost” or “Halecostomi vs. Holostei” 
controversy, which deals with the relationships among the three neopterygian groups 
with extant representatives (Fig 1.5): the Halecomorphi (containing Amiiformes, with 
the species Amia calva), the Ginglymodi (including Lepisosteiformes, with seven living 
species of the genera Lepisosteus and Atractosteus), and the Teleostei (with more than 
25000 living species). 
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Figure 1.4. Simplified phylogeny of Actinopterygii, including the paraphyletic group traditionally 
known as “chondrosteans”.
Figure 1.5. Different hypotheses for the interrelationships of the three neopterygian fish groups with 
extant representatives (modified from Grande and Bemis, 1998).
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This controversy, that has been revisited by numerous authors (i.e., Huxley, 1861; 
Nelson, 1969; Patterson, 1973, 1994; Diogo, 2008; for a more complete compilation see 
the Introduction in Grande and Bemis, 1998, pp. 3-8; and for further information, see 
Gardiner et al., 1996), had presented the problem of being almost exclusively based on 
studies of extant species, which represent no more than the tip of the iceberg for both 
halecomorphs and ginglymodians. No phylogeny can be comprehended if the fossil forms 
are not included. In this sense, this has been set out as a neontological problem, while 
it is actually a palaeontological problem. Grande and Bemis (1998) accomplished the 
first exhaustive study of the osteology of all amiids as known at the time. In doing this, 
they laid the foundation of the current understanding of the controversy by including 
numerous well-known fossil species to their analysis, in addition to living species. This 
first attempt resulted in the confirmation of the Halecostomi as a monophyletic clade 
(i.e., Halecomorphi and Teleostei as sister taxa, and Ginglymodi is the sister taxon to 
this group). However, the continuation of this comprehensive research, based in the 
exhaustive study of the osteology of living and fossil gars (lepisosteiforms), lead to the 
present hypothesis of the monophyly of the Holostei (i.e., Halecomorphi and Ginglymodi 
as sister taxa, and Teleostei as a sister taxon to this group). This monophyly was briefly 
reported by Grande (2005) and extensively revised by Grande (2010; Fig 1.6). 
Figure 1.6. Phylogeny of the Neopterygii (from Grande, 2010).
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Moreover, the monophyly of the Holostei has been recently obtained also as 
the result of cladistic analysis based on molecular data of extant species, using either 
mitochondrial genes (Normark et al., 1991; Inoue et al., 2003), nuclear genes (Venkatesh 
et al., 2001; Amemiya and Youson, 2004; Kikugawa et al., 2004; Near et al., 2012), or 
ribosomal RNA (Lecointre et al., 1994).
The division Holostei is, thus, divided into two subdivisions: the Ginglymodi, 
which contains the Lepisosteiformes and Semionotiformes (recently accepted to contain 
Macrosemiidae; Cavin, 2010; López-Arbarello, 2012), and the Halecomorphi. The 
monophyly of the Holostei is supported by 13 to 16 characters (depending on different 
equally parsimonious optimizations; Grande, 2010, pp. 799-801). 
Figure 1.7. Phylogeny of Halecomorphi (modified from Grande and Bemis, 1998).
The subdivision Halecomorphi (Fig 1.7) is diagnosed by three characters (Grande 
and Bemis, 1998): (1) an elongate symplectic forming part of the double articulation 
with the lower jaw; (2) the presence of a notch or concavity in the posterior margin 
of the maxilla; and (3) the presence of a single supramaxillary bone. Character (1) 
has traditionally been considered the key feature to identify halecomorph fishes (i.e., 
Patterson, 1973; Bartram, 1975, 1977; Lauder and Liem, 1983; Wenz and Kellner, 1986). 
According to Grande and Bemis (1998), Halecomorphi is divided into two unnamed 
sections, Halecomorphi A and Halecomorphi B. Halecomorphi section A is formed by 
the order Parasemionotiformes. Halecomorphi section B is formed by the orders 
Ionoscopiformes and Amiiformes. Halecomorphi section B is also diagnosed by three 
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characters: (1) preopercle crescent-shaped, long and narrow; (2) dermosphenotic firmly 
sutured into the skull roof, forming part of it; and (3) rostral bone roughly V-shaped, with 
lateral horns.
The order Amiiformes is also diagnosed by three characters (Grande and Bemis, 
1998): (1) reduction in the number of ossified ural neural arches to two or less (character 
secondarily lost within the family Caturidae, as commented below); (2) phylogenetic 
loss of opisthotic bone (character convergent with lepisosteids and more derived 
teleosts); and (3) phylogenetic loss of pterotic bone (character of uncertain homologies 
for lepisosteids). Since character (1) is lost in Caturidae and characters (2) and (3) have 
proved of difficult verification in numerous fossil taxa, this diagnosis is far from optimal. 
In turn, the Amiiformes is divided into two superfamilies, Caturoidea and Amioidea. In 
the present state of knowledge, the phylogenetic relationships of amioids are much 
better understood than those of caturoids. 
The superfamily Caturoidea is divided into two families, Caturidae and 
Liodesmidae (Fig 1.8). The Caturoidea, simply Caturidae for most authors, has traditionally
Figure 1.8. A) Caturus furcatus specimen MCZ 10457, a representative of the family Caturidae. B) 
Liodesmus gracilis specimen BSP AS VII 1123, a representative of the family Liodesmidae. Scale bars 
equal 2 cm for A and 1 cm for B. From Grande and Bemis (1998).
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 been considered a grade or non-monophyletic group that contained halecomorph fishes 
of undetermined phylogenetic relationships, most of which have been removed and 
transferred to other groups such as the ionoscopiforms or the teleosts (i.e., Patterson, 
1973; Bartram, 1975). After Grande and Bemis (1998) and Lambers (1999), and on the 
basis of previous works by Lambers (1992, 1994, 1995) , the clade as presently accepted 
contains a monophyletic core with only 3 genera [Liodesmus + (Caturus + Amblysemius)] 
to which additional genera can eventually be added (Paraliodesmus, Grande and Bemis, 
1998; Eurypoma, Arratia and Schultze, 2007). Even so, some of the nominal species of 
the type genus, Caturus, may not even belong in the Caturoidea. According to Grande 
and Bemis (1998), the clade Caturoidea is supported by five characters: (1) the acrodin 
tooth caps of the larger jaw teeth are sharply carinate; (2) the presence of an extremely 
slender rod-like maxilla; (3) a relatively high number of branchiostegal rays (22 or more 
on each side); (4) shape of haemal spines broadly spatulate in the transverse plane; and 
(5) the preural haemal and neural spines near the caudal peduncle region are strongly 
inclined to a nearly horizontal orientation. Within Caturoidea, the family Caturidae 
is diagnosed by two characters: (1) the presence of paired, block-like ural neural arch 
ossifications and (2) four or more ossified ural neural arches (a reversal from the derived 
state in Amiiformes).
The superfamily Amioidea is also divided into two families, Amiidae and 
Sinamiidae. In contrast with the caturoids, there is a much higher agreement on which 
taxa can be assessed to the Amioidea. It is a relatively well-supported clade diagnosed 
by three characters: (1) posterior margin of caudal fin convexly rounded (character 
convergent with lepisosteids, relatively derived macrosemiids, and some higher teleosts); 
(2) phylogenetic loss of fringing fulcra from median fins; and (3) phylogenetic reduction 
in number of caudal fin rays articulating with each hypural, with each hypural normally 
bearing a single ray (character convergent with lepisosteids and certain higher teleosts). 
The family Sinamiidae (Fig 1.9) is exclusively known from Late Jurassic or Early 
Cretaceous freshwater deposits of Asia. It has been included within the family Amiidae 
by some authors (Maisey, 1991; Patterson, 1973; Chalifa and Tchernov, 1982). Grande 
and Bemis (1998) clearly separated one from the other, and diagnosed the Sinamiidae 
by the following characters: (1) presence of only a single median parietal; (2) three pairs 
of extrascapular bones normally present; and (3) short dermopterotics about equal in 
length to parietal length. The interrelationships between the members of this family are 
still in need of study.
The family Amiidae (Fig 1.10) constitutes the best known clade within Amiiformes, 
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Figure 1.9. Representatives of the family Sinamiidae. A) Sinamia zdanskyi specimen IVPP 1106. B) 
Ikechaoamia orientalis specimen IVPP V 2519. Scale bars equal 2 cm. From Grande and Bemis (1998).
Figure 1.10. Representatives of the family Amiidae. A) Cyclurus kehreri specimen FMNH PF14074. B) 
Calamopleurus cylindricus specimen FMNH F14348b. Scale bars equal 5 cm. From Grande and Bemis 
(1998).
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largely due to Grande and Bemis (1998) exhaustive work. It is also, by far, the one with 
the most valid genera and species included (over 30), although their interrelationships 
are not well solved. The Amiidae are diagnosed by the following characters: (1) presence 
of solid, perichordally ossified, drum-shaped diplospondylous autocentra of both the 
“normal” and alternating types; (2) the occiput extends posterior to the proximal ends 
of exoccipitals (character status unknown in Amiopsis; presumably convergent with 
Ionoscopus, Lepisosteidae, and certain higher teleosts); (3) presence of anteriorly 
projecting spine-like processes on neural and/or haemal arches (character polymorphic 
in Amia calva and Cyclurus gurleyi); (4) absence of lateral fossae on vertebral autocentra 
(multistate character secondarily lost in Amiopsinae).
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1.3 FOSSIL RECORD OF THE AMIIFORMES
As commented in the Presentation of this dissertation, the following section 
includes a published paper which presents an analysis of the fossil record of the 
amiiform fishes. This analysis tries to provide a general notion about the diversity and 
disparity of this order. With that objective, it uses the pycnodontiform fishes as a group 
for comparison purposes because the fossil record of this neopterygian order appears 
frequently associated to that of amiiforms, yet it presents remarkably different patterns 
of both diversity and disparity.
[Poyato-Ariza and Martín-Abad, 2013]
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ABSTRACT
Amiiformes and pycnodontiformes are two orders of 
neopterygian fishes that were broadly distributed, and 
frequently appeared together, during the Mesozoic. 
Comparison of their fossil record reveals both common 
traits and signifi cant differences. They both appeared in the 
Western Tethys and reached maximum diversity during the 
Cretaceous. The differences in their evolutionary history 
involve dissimilar patterns of diversity and disparity; 
pycnodonts are more diversifi ed taxonomically and present 
larger ecomorphological disparity. This implies that they 
used different strategies to compete with teleosts, which were 
unable to displace them from their specialized niches for more 
than 100 ka. The reasons why this did not happen sooner are 
diffi cult to approach, and may include radical environmental 
changes (i.e., marine transgressions, opening of the Atlantic, 
closing of the Tethys and opening of the Mediterranean). It 
is nonetheless clear that the evolutionary novelties of the 
Teleostei per se were not enough to grant them advantage 
in the competition for the ichthyofagous and durophagous 
niches at least during the Late Triassic, the whole Jurassic and 
the Early Cretaceous
Keywords: Disparity, distribution, diversity, Mesozoic, 
Teleostei.
RESUMEN
Amiiformes y Pycnodontiformes son dos órdenes de 
peces neopterigios con una amplia distribución histórica. 
Aparecen frecuentemente asociados, especialmente durante 
el Mesozoico. La comparación de sus registros fósiles revela 
tanto características comunes como diferencias signifi cativas. 
Ambos surgieron en el Tethys Occidental, y alcanzaron su 
máxima diversidad durante el Cretácico. Las diferencias 
en sus historias evolutivas se refieren a los patrones de 
diversidad y de disparidad ecomorfológica, que son 
mayores en los pycnodontos. Esto implica que Amiiformes 
y Pycnodontiformes utilizaban diferentes estrategias en su 
competencia con los teleósteos, los cuales fueron incapaces de 
desplazarlos de sus especializados nichos ecológicos durante 
más de 100 ma. El estudio de los factores determinantes del 
retraso de este desplazamiento faunístico son difíciles de 
abordar, pudiendo incluir radicales cambios ambientales (por 
ejemplo, transgresiones marinas, la apertura del Atlántico, el 
cierre del Tetis y la apertura del Mediterráneo). No obstante, 
este análisis revela que las novedades evolutivas de los 
teleósteos per se no fueron sufi cientes para conferirles una 
ventaja adaptativa en la competencia por los nichos ictiófagos 
y durófagos, al menos durante el Triásico superior, el Jurásico, 
y el Cretácico inferior.





Fishes are, by far, the most common vertebrates in the 
fossil record. As for any other group, there is a huge 
amount of data about them; yet, many palaeobiological 
aspects of their history are not fully understood, especially 
when trying to interpret their evolutionary history. 
The present paper aims to contribute to the homage to 
Nieves López by analyzing and comparing the fossil 
record of two actinopterygian orders, Amiiformes and 
Pycnodontiformes, with the intent of discovering common 
patterns and differences that may be relevant from an 
evolutionary point of view. Our approach is qualitative 
rather than quantitative. Both groups are widespread both 
in time and in space and frequently occur together, notably 
during the Mesozoic, so they seem appropriate choices for 
comparative purposes.
  Amiiformes (Fig. 1) constitute an order with quite an 
extensive fossil record and a single extant species, Amia 
calva, which inhabits freshwater systems of North America. 
Their oldest reliable evidence dates from the Early Jurassic 
(Sinemurian), and thus their fossil record spans over some 
190 ka. Most of them are related to marine environments, 
typically coastal, but the most derived groups inhabited 
mixed to fully freshwater systems (i.e., Grande & Bemis, 
1998). They have been recovered in numerous sites from 
America, Europe, Africa, and Asia. Grande & Bemis 
(1998), in an extensive study of the family Amiidae, 
gathered all citations of amiids known at the time. Here, 
we include subsequent references concerning this family 
(Forey & Grande, 1998; Grande et al., 2000; Liu et al., 
2002; Friedman et al., 2003; Gaudant et al., 2005; Brito et 
al., 2008; Bogan et al., 2010; Chang et al., 2010; Sullivan 
et al., 2011) and also relevant references dealing with the 
record of other Amiiformes: Amioidea (Forey & Patterson, 
2006; Cavin & Giner, 2012), Sinamiidae (Yabumoto, 
2005; Yabumoto et al., 2006; Cavin et al., 2007; Chang et 
al., 2010), and Caturoidea (Schaeffer & Patterson, 1984; 
Lambers, 1999; Cuny et al., 2006; Arratia & Schultze, 
2007; López-Arbarello et al., 2008; Cavin et al., 2009; 
Cuny et al., 2010).
  Pycnodontiformes (Fig. 2) are an extinct group with a 
remarkable long fossil record as well. They appear in the 
Late Triassic (Norian), and the last incontestable evidence 
comes from the Eocene (Lutetian), so their history spans 
at least some 160 ka. They are mostly, but not uniquely, 
marine, typical of epicontinental seas; generally coastal 
and often reefal, but they formed part of mixed and 
purely continental assemblages as well (Nursall, 1996; 
PoyatoAriza et al., 1998; Kocsis et al., 2009). They are 
known almost worldwide, although their distribution 
throughout time is rather irregular. For this paper, we 
update the data in Nursall (1996), Poyato-Ariza & Wenz 
(2002), and Poyato-Ariza (2005); these papers contain all 
the relevant references concerning their fossil record. For 
the present paper, they have been updated with: Tanimoto 
& Takata (1998), Taverne (2003), Kriwet (2004), Kriwet & 
Schmitz (2005), Rana & Kumar (2005), Machado & Brito 
(2006), Capasso (2007), Alvarado-Ortega et al. (2009), 
Cavin et al. (2009), Poyato-Ariza & Bermúdez-Rochas 
(2009), PoyatoAriza (2010), Tanimoto & Fujimoto (2001), 
Martill et al. (2011), Koerber (2012) and Poyato-Ariza 
(2013). 
2. THE FOSSIL RECORD
2.1. Presentation of data
Here is a commented list of the taxonomic diversity of 
the orders Amiiformes and Pycnodontiformes during 
their fossil records. They are grouped into temporal 
ranges, following the easiest, most comprehensible 
way to be presented rather than a strictly stratigraphic 
arrangement. In the case of pycnodonts, their diversity in 
the Late Cretaceous is so high that it is presented in two 
parts, for simplification. Therefore, we present separately 
Late Cretaceous 1 (Cenomanian to Coniacian) and Late 
Cretaceous 2 (Santonian to Maastrichtian). Whenever the 
stratigraphic position is generic (e.g., Late Jurassic), this is 
so because we follow the information as provided in the 
corresponding papers. In both orders, all taxa based on 
complete, articulated, reliably identifi able specimens are 
listed; those based on incomplete or isolated material are 
listed only when they add to the geographical or temporal 
distribution of the group. Whenever redundant in time or 
space, taxa based on fragmentary material diffi cult to 
assess are not included. Taxonomic identifi cation is at 
generic level, except when differentiating species within a 
genus is temporally or geographically relevant.
2.2. Triassic-Jurassic
2.2.1 . Triassic
Citations of Amiiformes are doubtful, and not included 
in the present analysis. Material from the Ladinian, 
Middle Triassic, of Montral-Alcover, Spain (cf. Caturus) 
is preserved as silhouettes, so the taxonomic assessment is 
very uncertain. Material from the Carnian, Late Triassic, 
of Guizhou, China (Guizhouamia) shows characters (e.g., 
incompletely ossified centra, hemiheterocercal caudal 
fin) incompatible with amiiforms. The first record of 
Pycnodontiformes comes from the Norian, Late Triassic, of 
Zorzino, in Italy (Brembodus, Gibbodon, and “Eomesodon” 
hoeferi) and Hallein, in Austria (“Eomesodon” hoeferi 
again). There are isolated dentitions from Habay-laVieille 
in Belgium and Medernach in Luxembourg 
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Figure 1. Some examples of Amiiformes. a) Amiopsis cf. A. woodwardi from the late Barremian of Las Hoyas, Cuenca, Spain. 
Specimen MCCM-LH 11286 (Museo de las Ciencias de Castilla-La Mancha, Cuenca, Spain). Scale bar equals 1 cm. b) 
isolated teeth from the late Barremian of Buenache de la Sierra, Cuenca, Spain. Specimens in the collection of the Unidad 
de Paleontología, Universidad Autónoma de Madrid, Spain. Scale bar equals 1 mm. 
(Pycnodontiformes indet.). Therefore, the group is already 
relatively diversifi ed in the Western Tethys.
2.2.2. Early and Middle Jurassic
Amiiformes: The fi rst reliable record of the group is from 
the Sinemurian of the UK (Caturus heterurus). They also 
appear in the Toarcian of the Holzmaden Formation in 
Germany (Caturus smithwoodwardi), unspecified Early 
Jurassic of Northampton, UK (Amblysemius), the 
Bathonian-Callovian of Sundance and Wakanah 
Formations, USA, and Songa in Zaire (Caturus); and the 
Callovian from Villers-sur-Mer, France (Eurypoma 
grande). Their diversity is already relatively high; as we 
can see from their known fossil record, they appear in 
Europe and expand to North America and Africa relatively 
quickly. Pycnodontiformes: their diversity is similar to 




Figure 2.  Some examples of Pycnodontiformes. a) Macromesodon macropterus (formerly Eomesodon gibbosus, see Poyato-Ariza 
& Wenz, 2004) from the Tithonian of the Solnhofen area, Germany. Specimen in private collection, 40 cm in total length. 
Photo courtesy A. Frickhinger. b) Proscinetes bernardi, specimen 15288, Muséum d’histoire Naturelle de Lyon. Photo 
D. Serrette, courtesy S. Wenz. Scale bar equals 1 cm. Note content in abdominal cavity. c) isolated vomerian dentition of 
cf. Ocloedus from the late Albian of the Eguino Formation, marine with occasional reefs, from Ciordia, Navarra, Spain. 
Specimen MCNA 5116 (Museo de Ciencias Naturales de Álava, Basque Country, Spain). Oriented with occlusal surface 
facing down, as in approximate life position, anterior to the right. Previously unpublished. Photo courtesy C. Corral. 
Scale equals 2 cm. d-e) isolated teeth from the late Barremian of Buenache de la Sierra, Cuenca, Spain. Specimens in the 
collection of the Unidad de Paleontología, Universidad Autónoma de Madrid, Spain. (d) incisiform tooth in labial (above) 
and lingual (below) views. Scale bar equals 0.5 mm. (e) molariform tooth in occlusal (above) and lateral (below) views. 
Scale bar equals 1 mm.
Lower Lias from Barrow-on-Soar (Eomesodon liassicus), 
isolated dentitions from the Bathonian of Oxfordshire (cf. 
Proscinetes) and very partial remains from the Callovian 
of Peterborough (Mesturus leedsi). Recent discoveries 
have, surprisingly enough, revealed their presence in the 
Far East, as there are dentitions from the Middle-Late 
Jurassic of Mab Ching in the Khlong Min Formation, 
Thailand (cf. Gyrodus).
2.2.3. Late Jurassic
Amiiformes: Their diversity increases notably. They have 
been recorded from the unspecifi ed Late Jurassic of Ely 
and Weymouth, UK, and Kimmeridgian of Nuspligen, 
Germany (Eurypoma grande); from the Kimmeridgian 
of Peterborough and Speeton, UK (Eurypoma egertoni); 
from the Kimmeridgian of Cerin, France (Amblysemius, 
Amiopsis, Caturus, Solnhofenamia); from the Tithonian 
of the Solnhofen area, Germany (same genera plus 
Liodesmus); and from the Tithonian localities of Bincombe, 
Isle of Portland, and Swanage, UK (Amiopsis). Their fi rst 
record from South-America comes from the Tithonian 
of the Vaca Muerta Formation, Argentina (caturid-like 
remains). A new family, the Sinamiidae, appears in 
Western Asia at the end of the Late Jurassic in several 
localities from China of controversial dating (Sinamia 
and Ikechaoamia). Pycnodontiformes: Their diversity is 
remarkably higher than ever before. Kimmeridgian from 
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Cerin, France (Macromesodon surgens, Proscinetes spp.); 
the highly diversifi ed pycnodont fauna from the Tithonian 
from several outcrops in the Solnhofen area, Germany, 
includes Adruafrons, Gyrodus, Mesturus, Macromesodon 
(formerly Eomesodon) gibbosus, and the fi rst record of 
the derived Pycnodontidae: Proscinetes elegans and the 
typical Turbomesodon relegans (formerly Macromesodon 
macropterus; see Poyato-Ariza & Wenz, 2004, for these 
taxonomic replacements); Tithonian of Canjuers, France 
(Mesturus sp.); Portlandian from Dorset, UK (?Eomesodon 
barnesi, ?Eomesodon depressus); the fi rst record outside 
Europe is a Gyrodus sp. from the Oxfordian of Quebrada 




Amiiformes: The group reaches a very high diversity. In 
Europe, there is articulated, complete material from the 
late Berriasian-early Valanginian of El Montsec, Spain 
(Amiopsis, Caturus, Vidalamia); Berriasian-Barremian 
from Bernissart, Belgium (Amiopsis); the Valanginian of 
Siou Blanc Plateau, France (Tomognathus gigeri). In Africa 
and Central and South America, there are records from the 
Berriasian-Hauterivian from the Ilhas Formation, Brazil 
(Calamopleurus mawsoni); the Aptian Crato Formation, 
Brazil, (Cratoamia); the Aptian-Albian from the Santana 
Formation, Brazil (Calamopleurus cylindricus); the 
AptianAlbian Douiret and Aïn el Guettar Formations in 
Tunisia (Caturus sp.); and the middle-upper Albian of 
Tepexi de Rodríguez, Mexico (Pachyamia mexicana). In 
East Asia, there are records from the Berriasian-Barremian 
to Aptian-Albian Sao Khua Formation, Thailand (Caturus 
and Siamamia); very numerous localities throughout China 
(Sinamia and Ikechaoamia); the Valanginian-Hauterivian 
Kuwajima Formation (Sinamia), and the Hauterivian-
Barremian from the Sengoku Formation (Nipponamia), 
Japan; and the unspecifi ed Early Cretaceous (probably 
no older than Barremian, in comparison with the Japanese 
Wakino Subgroup) from Dongmyeong and Hasandong 
Formations, Korea (Sinamia). Pycnodontiformes: The 
diversity is very high during the whole of the Cretaceous, 
notably in Europe. Early Cretaceous from Torre d’Orlando, 
Italy (Stemmatodus); late Berriasian-early Valanginian 
from El Montsec, Spain (Ocloedus subdiscus); Berriasian-
Barremian from Bernissart, Belgium (Turbomesodon 
bernissartensis, formerly Macromesodon; see Poyato-Ariza 
& Wenz, 2004); Hauterivian-Barremian from Vega de Pas, 
Spain (Arcodonichthys) and Phu Phan Thong, in the Sao 
Khua Formation, Thailand (cf. Anomoeodus); Hauterivian 
and Barremian near Hanover, Germany (Gyrodus); 
Barremian from Uña, Spain (Anomoeodus nursalli); 
late Barremian from Las Hoyas, Spain (Stenamara, 
Turbomesodon praeclarus). Another genus, Paramesturus, 
from the lower Aptian of Helgoland, Germany, may not 
be a pycnodont. An imprecise citation in Asia is from the 
Jurassic-Cretaceous of Tibet (Tibetodous); there are also 
isolated teeth from the Hauterivian of the Yuasa Formation, 
Japan (Pycnodontidae indet.). They are very diversifi ed 
in America; in the South, from the Aptian-Albian of the 
Santana Formation (Iemanja, Neoproscinetes) and Rosário 
do Catete (Mercediella, formerly Camposicthys) in Brazil; 
their fi rst record from North-America is from the Albian 
of the Trinity Division in Texas, USA (Nonaphalagodus, 
Paramicrodon) and the middle-upper Albian of Tepexi de 
Rodríguez, Mexico (Tepexichthys plus a number of new, 
undescribed taxa).
 
2.3.2. Late Cretaceous 1 (Cenomanian-Coniacian )
Amiiformes: Their diversity is lower than during the Early 
Cretaceous. There is record from the Cenomanian of Kem 
Kem, Morocco (Calamopleurus africanus), and of the Bet-
Meir Formation, Israel (Pachyamia latimaxillaris); the 
Cenomanian-Turonian of  several localities in Southeastern 
UK (Tomognathus mordax); the Turonian of the Isonzo 
River Valley, Croatia (Amiopsis prisca); the Turonian-
Coniacian from Axel Heiberg, Canada (undetermined 
Vidalamiinae); and the Coniacian-Santonian of the 
Niobrara Formation, Kansas, USA (Paraliodesmus). 
Pycnodontiformes: Beds from an undetermined age 
between ?Aptian and Santonian in the Sierra Madre 
Formation, Mexico, have yielded an unnamed pycnodont. 
Cenomanian from Sussex, UK (Anomoeodus willetti) 
and Pesaro, Italy (Nursallia); late Cenomanian from Jebel 
Tsefalt, Morocco (Nursallia gutturosum) and Laveiras, 
Portugal (Sylvienodus); there is an astounding diversity 
from the Cenomanian of Hadjoula-Haqel-en Nammoura 
in the Lebanon including; the pycnodontidae Akromystax, 
Hensodon, Nursallia? goedeli, and Proscinetes; the 
only occurrences of the family Coccodontidae, with 
Coccodus, Ichthyoceros, and Trewavasia; plus a number 
of new, undescribed genera; ?Cenomanian of Mossoró, 
Brazil (Potiguara rosadoi); early Turonian of Vallecillo, 
Mexico (Nursallia sp.); late Cenomanian-early Turonian 
of Gara-Sbaa, Morocco (cf. Pycnodus sp.), Turonian from 
Serguipe (Nursallia fl avellatum?), Brazil; Coniacian from 
the Niobara Formation, Kansas, USA (Micropycnodon); 
and Turonian-Santonian of Komen, Slovenia (Coelodus 
saturnus, currently only valid species of the genus), which 
may also be included in the next section, as it may fall in 
the Santonian.
2.3.3. Late Cretaceous 2 (Santonian-Maastrichtian)
Amiiformes: The diversity of the group continues to 




Kirtland and Fruitland Formation, New Mexico, USA 
(Melvius chauliodous); Maastrichtian of the Upper 
Hell Creek Formation, Montana and Western Interior 
Seaway, USA (Melvius thomasi); an incomplete anterior 
portion of right dentary from the Allen Formation, 
Argentina, could trace back the origin of the extant 
Amia to the Campanian-Maastritchian; the fi rst reliable 
record of Cyclurus comes from the Scollard Formation 
in Alberta, Canada, Cretaceous/Paleocene Boundary in 
age. Pycnodontiformes: Early Santonian of Polazzo, Italy 
(Polazzodus); Campanian from Damergou, Niger (cf. 
Gyrodus, cf. Ocloedus); Campanian-Maastrichthian from 
Nardò, Italy (Pseudopycnodus); Maastrichthian from an 
undetermined locality in the Netherlands (Anomoeodus 
subclavatus); and upper Maastrichthian from Albaina, 
Spain (cf. Anomoeodus, cf. Paramicrodon). In Asia, they 
are known from the Maastrichthian: isolated teeth from the 
Izume Group, Japan (Pycnodontidae indet.) and isolated 
dentitions in several localities of India (cf. Pycnodus).
2.4. Cenozoic
2.4.1 . Paleocene
Amiiformes: Danian from the Firkanten Formation, 
Spitsbergen, Norway (Pseudamiatus); Selandian-Thanetian 
Paskapoo Formation, Alberta, Canada (Cyclurus, 
Amia); Thanetian from Mont Berra, France (Amia); and 
unspecified Late Paleocene of Menat, France, Jibou 
Formation, Romania, and Naran Bulak Formation, 
Mongolia (Cyclurus). Pycnodontiformes: Danian (“early 
Paleocene”) from Trebiciano, Italy (Tergestinia); late 
Danian-early Thanetian (“Montian”) from Mont-Aimé, 
France (Oropycnodus); there is African record from the late 
Tanethian (“Landenian”) of Wurmo and other localities, 
Niger (cf. Pycnodus, isolated dentitions).
2.4.2. Eocene
Amiiformes: Ypresian from the deposits of Tamaguélt in 
the Tilemsi Valley, Mali (Maliama); Lutetian from Messel, 
Germany, Bartonian from Kutschlin, Czech Republic, 
Priabonian from Montmartre, France, unspecifi ed early to 
middle Eocene from the Xiawanpu Formation, China, and 
unespecifi ed middle or late Eocene from Andréevka in 
Kazakhstan (Cyclurus); unspecifi ed late early Eocene from 
the Green River Formation, Wyoming, USA (Cyclurus 
and Amia); unspecifi ed middle Eocene from the Allenby 
Formation, British Columbia, Canada (“Amia” hesperia); 
Priabonian from the Florissant Formation, Colorado, USA 
(Amia). Pycnodontiformes: The youngest fossil-lagerstätte 
to yield pycnodonts is the Ypresian-Lutetian from Monte-
Bolca, in Italy (Nursallia veronae, Palaeobalistum, 
Pycnodus apodus). Deposits of similar age in France, 
UK, Mali, Algeria, Egypt, and Tunisia have provided 
isolated dentitions (all cf. Pycnodus), showing that the 
group was relatively extended at the time of their last 
reliable record. 
2.4.3 . Oligocene
Amiiformes: Cyclurus oligocenicus, from the Rupelian 
of  Sieblos, Germany, is the only well-known amiiform 
described from this series. An unpublished pycnodont-
like dentition from the Oligocene of Hungary is in need of 
confi rmation (Nursall, pers. comm., 2004).
2.4.4 . Miocene
Amiiformes: Surprisingly enough, the only cited material 
between Oligocene and Recent corresponds to Amiinae 
indeterminate from the late Miocene of Kazakhstan and 
Siberia.
2.4.5 . Recent
Amiiformes: A single species, the North American Amia 
calva, is all that is left of the diversity of this order.
3. DISCUSSION
3.1. Distribution
An examination of the fossil record of Amiiformes and 
Pycnodontiformes reveals both common patterns and 
signifi cant differences.
  Amiiformes: Geographically, their record is very 
extensive, although they have been found much more 
frequently in the Northern Hemisphere, which has been 
traditionally more exploited for fossils. Their origin seems 
to be located in the Western Tethys (Western Europe). In 
this region their diversity is higher until the Late Jurassic 
(Fig. 3); later on, they became more diversifi ed in North 
America, especially during the Eocene. They have also 
inhabited ecosystems in South and Central America, 
Africa, and especially in East Asia. Finally, during the 
Upper Cretaceous and notably during the Cenozoic, they 
expanded throughout North America, where they would 
have their last refuges until only one species, the extant 
Amia calva, remained. No fossil record of amiiform fishes 
have been found from Oceania and Antarctica.
    Pycnodonts have both their fi rst and their last record 
from Italy, and the Western Tethys is the region where their 
diversity has been greater all throughout their history (Fig. 
3). It seems clear that their distribution is centered in and 
around this part of the Tethys: Europe, North Africa, and 
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the Near East. They extended to America relatively early 
in their history, during the Late Jurassic, and presented 
a good diversity in this continent, but disappeared from 
it as the Atlantic was opening, being completely absent 
from the later Late Cretaceous on. They are present in 
Far Asia, including India, and subsaharian Africa, and, 
although both records are rather scarce, they witness the 
nearly worldwide extent of their distribution. So far, they 
are unknown from Australia and Antarctica only.
     When compared, we notice that both groups have a 
Western Tethys origin in Europe, although amiiforms 
extended much sooner to America through the Spanish 
Corridor and southwards to Africa. In the Late Jurassic, 
amiiforms extend to Asia, and pycnodonts to America. After 
that, both groups have a very similar geographic extension 
during the Early Cretaceous, when they are found nearly 
worldwide, mostly in the Northern Hemisphere:  Europe, 
both  Americas, North Africa, and Asia. The similar 
geographic extension of the Early Cretaceous begins to 
differ in the earliest Late Cretaceous, when amiiforms are 
absent from South America and pycnodonts from northern 
North America. Then, their compared distributions become 
completely separate during the latest Late Cretaceous, with 
amiiforms restricted to the Americas and pycnodonts to 
Europe, North Africa, and India. Curiously enough, they 
are both found in the Western Tethys and Africa again 
during the Cenozoic, although amiiforms do occur in North 
America and Asia as well, where pycnodonts are absent. 
Amiiformes are relict today and pycnodonts are extinct.
3.2. Diversity
A comparative evaluation of their patterns of diversity 
shows that there are common traits, but also remarkable 
differences. Both groups present a certain diversity shortly 
after they appear, suggesting some unknown previous 
record.  Pycnodonts are rare during the Early-Middle 
Jurassic; their diversity is smaller than during the Late 
Triassic (Fig. 3). This may be due to a taphonomic bias, 
but there is some ecological bias as well. Epicontinental 
seas are scarce, as most of Europe is submerged in a 
deep marine platform; thus, pycnodonts are absent from 
some remarkable lagerstätten, such as the Toarcian of 
Figure 3.  Graphics showing diversity of Amiiformes and Pycnodontiformes through time. a) temporal distribution as listed in the 
text (1, Amiiformes; 2, Pycnodontiformes). b) Homogeneous temporal distribution according to strict stratigraphic series 
(1, Amiiformes; 2, Pycnodontiformes). The number of pycnodont genera in the Late Cretaceous (b2) is slightly different 
from the strict addition of the numbers in the Late Cretaceous 1 plus 2 (a2) because the genus Anomoeodus occurs both 
in the Late Cretaceous 1 and in the Late Cretaceous 2, so it is counted only once for the whole Late Cretaceous. Note that 
amiiforms are not especially affected by the Cretaceous/Tertiary (K/T) crisis, and pycnodonts are apparently affected only 




Holzmaden, and numerous localities in the French Lias. 
Since amiiforms are present in Holzmaden and France, the 
hypothesis of a certain ecological bias for the pycnodonts, 
absent in those marine environments, seems logical. 
The peaks of diversity of amiiforms and pycnodontiforms 
differed; as presented in the text above (see also Fig. 3a), 
they are both more diversified during the Early Cretaceous 
(13 amiiform taxa, 17 pycnodont taxa). However, a 
homogeneous distribution strictly according to stratigraphic 
series (Fig. 3b) clearly shows that the highest diversity of 
amiiforms is the same, but in pycnodonts it occurs during 
the Late Cretaceous (21 taxa). Figure 3 also shows another 
interesting difference; the diversity of amiiforms is greater 
in the Western Tethys up to the Late Jurassic, and higher 
outside the Western Tethys from the Early Cretaceous on, 
whereas the diversity of pycnodonts is almost invariably 
higher always in the Western Tethys area.
A very interesting feature is that the peaks of maximum 
distribution and maximum diversity coincide in the case 
of Amiiformes (Early Cretaceous), but not in the case of 
Pycnodontiformes; their largest areas of distribution occur 
in the Early Cretaceous, and their maximum diversity, 
in the Late Cretaceous. In the earliest Late Cretaceous 
(Cenomainan to Coniacian) pycnodonts were decreasing 
their extension, but increasing their diversity in the Western 
Tethys (Fig. 3a). Finally, the diversity of both groups clearly 
decreases during the latest Late Cretaceous (Santonian to 
Maastrichtian), an indication that the Cenozoic decline 
is not triggered by the Cretaceous/Tertiary (K/T) crisis, 
but simply more pronounced than before that crisis. That 
is, amiiforms and pycnodonts decrease their areas of 
distribution, but usually present a relatively high diversity 
in those areas where they remain; the decline in diversity 
of Amiiformes and Pycnodontiformes seems much more 
geographic than purely ecologic. 
In connection with this, it is worth noticing that a 
temporal division strictly following stratigraphic series 
(Fig. 3b) would apparently show a remarkable decrease in 
pycnodont diversity after the K/T boundary. As a matter of 
fact, this decrease takes place during the Late Cretaceous, 
well before the K/T boundary (Fig. 3a), so there is no 
effect of the K/T crisis on pycnodonts, but an apparatus of 
the traditional series division.
Finally, it is interesting to note that these two groups do 
not follow the general actinopterygian pattern, especially 
during the Cretaceous, since the continuous increase (except 
a minimum K/T decrease) of actinopterygian diversity 
is due to the continuous increase linked to radiation, 
dispersion, and vicariance events that occur mostly in 
teleostean clades (e.g., Cavin, 2008).  The selective K/T 
extinction affecting marine actinopterygians (Friedman 
& Sallan, 2012) is not supported by amiiform and 
pycnodontiform data. Moreover, the correct understanding 
of the diversity of amiiforms and pycnodontifoms cannot 
be attempted by comparison with global actinopterygian 
 
Figure 4. Morphospace of body and fi n morphology defi ning 
locomotion guilds. Adapted from Webb (1984) 
for extant teleosts and from Poyato-Ariza (2005) 
for pycnodonts. Amiiformes (Amii.) belong to the 
accelerating guild. Pycnodontiformes (Pyc.) occupy 
a comparatively larger portion of the morphospace, 
from specialist for manoeuvring to generalized, 
including non-rounded-bodied and truncated shapes. 
Triassic to Early Cretaceous Teleostei (Tel.) are 
mostly generalized fusiform. Photos courtesy P. Forey 
(Turbomesodon), A. Frickhinger (Mesturus), and D. 
Serrette, courtesy S. Wenz (Pycnodus).
diversity, but by comparison with teleostean diversity. In 
other words, the evolutionary history of these two orders is 
intimately linked with that of the Teleostei, as commented 
below.
3.3. Disparity
The remarkable differences of the amiiform and 
pycnodontiform fossil record are clearly related with 
dissimilar evolutionary strategies. There can be an 
ecomorphologic explanation to this, at least partially; they 
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Figure 5. Theoretical morphospace constructed ad hoc to represent feeding guilds according to tooth morphology for certain 
neopterygians. Horizontal axis represents height relative to meso-distal length. Vertical axis represents labio-lingual 
thickness in the occlusal third of the crown. Abbreviations: Amii., morphospace occupied by Amiiformes, in red (upper 
left, conical plus the unique globular palatal teeth of Cyclurus); Pyc., morphospace occupied by Pycnodontiformes, in 
shades of green (large region on the right, from blade and incisiform to molariform and cylindrical); Tel., morphospace 
occupied by most Triassic to Early Cretaceous Teleostei, in shades of blue (bottom left, viliform to absent). Photos D.D. 
Bermúdez-Rochas (Arcodonichthys), A. Frickhinger (Gyrodus, Macromesodon, Mesturus), D. Serrette, courtesy S. Wenz 




are both specialised groups, and, as such, they successfully 
competed with teleosts for a very long time, keeping them 
out of their niches. However, their morphologic disparity 
is rather different; amiiforms are more homogeneous 
than pycnodonts, both in body/fi ns shape (Fig. 4) and 
in dentition (Fig. 5). In both cases, pycnodonts occupy a 
distinct, larger portion of the corresponding morphospace; 
their bodies are not always rounded (Fig. 4) and their 
dentitions, always heterodontous, include molariform teeth 
on the vomer and prearticular and varied morphologies on 
the premaxilla and dentary, a clear indication of diverse 
feeding guilds (Fig. 5).
  In contrast, teleosts show a very homogeneous, 
generalized ecomorphotype during the Late Triassic, the 
Jurassic, and the Early Cretaceous.  Most of them have 
a generalized body shape, overall fusiform (Fig. 4), and 
absent or villiform dentition that fi ts the suction guild 
(Fig. 5). This is suggesting that the different anatomic 
structure and potential plasticity of teleosts were not 
enough to remove amiiforms or pycnodonts from their 
niches. It must have required the concurrence of additional 
factors, such as major changes in the environment; the 
opening of the Western Sea in North America (when 
large predatory teleostean ichthyodectiforms are found 
in the USA, for instance) or the marine transgressions in 
Europe (when predatory enchodontids and durophagous 
albulids are found in Spain, for instance). In this sense, the 
extinction of the Pycnodontiformes coincides with the final 
closing of the Tethys; teleosts dominate the ichthyofauna 
of the Mediterranean Sea since its early opening. This 
hypothesis of major environmental changes triggering 
the ichthyofaunal replacement by teleosts is admittedly 
difficult to test, but detailed studies of the changes in the 
fossil record as linked to the environmental changes at 




Amiiformes and Pycnodontiformes have both a very 
long fossil record, reaching their peak of diversity during 
the Cretaceous, the former during the Early, and the 
latter during the Late. We would never dare to attempt a 
palaeogeographic approach in this volume dedicated to 
Nieves López, or an application of her time-asymmetric 
model (López-Martínez, 2009), which is proposed for 
speciation processes only. However, the comparative 
analysis performed in the present paper draws very 
interesting issues in, which would be the best homage to 
our dear, ever-all-questioning Nieves.
   Both amiiforms and pycnodonts occupied specialised 
niches, and did keep teleosts out of them during the 
Late Triassic, all of the Jurassic, and most of the Early 
Cretaceous. They did so via different evolutionary 
strategies; as a matter of fact, the diversity/disparity 
combination of the three groups during that time is 
entirely different: a) Amiiformes: low/medium diversity, 
low disparity, b) Pycnodontiformes: high diversity, high 
disparity, and c) Teleostei: high diversity, low disparity.
      This is a very interesting situation from an evolutionary 
point of view, because the two different strategies of 
amiiforms and pycnodontiforms enabled both groups 
to maintain their niches for a very long time, while 
teleosts continuously increased their diversity, but not 
their disparity. By the Late Cretaceous, teleosts do show 
a high disparity, including widespread predatory and 
durophagous ecomorphotypes, but, by then, they had 
been unsuccessful to replace amiiforms and pycnodonts, 
respectively, for about 110 and 130 ka. According to some 
general textbooks, teleosts “…soon replaced the holostean 
types and began an explosive evolutionary radiation” 
(Radinsky, 1987, p. 74). But this is simply not the case. 
In contrast, other general textbooks acknowledge that “We 
now realize that most of the major groups of teleosts have 
a very long history going back to the late Mesozoic. The 
early members of each modern group are very similar to 
one another” (Carroll, 1988, p. 113). There is no doubt that 
“major changes that defi ne the teleosts contributed to the 
advances in locomotion and feeding that apparently led to 
their success” (Helfman et al., 2010, p. 263), but data from 
the fossil record clearly show that this replacement was 
an extremely slow process, practically not occurring for a 
very long time. So, we must not take for granted that the 
evolutionary novelties of teleosts per se enabled them to 
simply replace other groups as soon as they appeared; the 
process was clearly much more complex, and it is worth 
wondering why teleosts were unable to occupy specialized 
niches worldwide for such a long time. We have never 
been able to answer it because we never really asked 
ourselves this question. Asking the right questions beyond 
the apparently obvious was one of the many wonderful 
qualities of Nieves López.
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CHAPTER 1: FRAMING LAS HOYAS AND THE AMIIFORM FISHES
1.4 FOSSIL RECORD OF THE AMIIFORMES FROM THE 
IBERIAN PENINSULA
A number of nominal genera from the Iberian Peninsula have been described within 
the Amiiformes, mainly in the family Amiidae. In this section a compilation of references 
is offered in order to provide a detailed biogeographical and chronoestratigraphical 
framework for the amiiforms of Las Hoyas. Some of these references appear in the few 
compilations of the Spanish material published in the second half of the past century, 
which are faunal lists mainly focused on the Cretaceous period (Bataller, 1960; Poyato-
Ariza and Wenz, 1990; Poyato-Ariza et al., 1999). Those concerning only amiids that 
were published before 1998 are already included in Grande and Bemis (1998); ulterior 
references to this family in the Iberian Peninsula are compiled here together with 
available references to the other families of this order. 
Figure 1.11. Chronostratigraphic distribution of the Iberian sites that have yielded remains of amiiform 
fishes. The assessment of the material from Montral-Alcover to the order Amiiformes (Caturus sp.?) 
is doubtful.
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Chronostratigraphicly, the Iberian record of the amiiform fishes extends from 
the Oxfordian-Kimmeridgian (Late Jurassic) to the Maastrichtian (Upper Cretaceous), 
being thus exclusively Mesozoic (Fig 1.11). The first record of the order could be traced 
back to a Caturus sp. from the late Ladinian (Middle Triassic) according to Beltan (1972, 
1984) and Vía-Boada et al. (1977), but other authors (Cartanyà, 1995, 1999) considered 
this assessment doubtful and in need of revision. After this, there is no record until the 
Oxfordian (Fig. 1.11).
Geographically, the sites that have yielded remains of amiiform fishes are mainly 
concentrated in the northern and oriental regions of Spain and in the occidental coast of 
Portugal. To date, no insular outcrops have been reported from Spain or Portugal. Figure 
1.12 shows the Iberian localities from Triassic, Jurassic, and Cretaceous beds; they are 
also listed in table 1.2.
Figure 1.12. Mesozoic Iberian sites that have yielded remains of amiiform fishes (modified from 
Poyato-Ariza et al., 1999). Numeration of localities corresponds to that from Fig 1.8.
In general terms, the Iberian record could be divided into two sets according 
to the state of preservation, and therefore to the reliable information provided by the 
material. On one hand there are several sites whose remains appear to be more or less 
isolated and disarticulated, thereby creating problems with their precise taxonomic 
assessments. This set includes remains that have been reported as Actinopterygii indet., 
Neopterygii indet., Halecostomi indet., Halecomorphi indet., or Holostei indet., but they
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Amiiformes indet. ● ● ● ●
Caturidae indet. ● ● ●
Caturus sp. ? ● ● ●
Caturus tarraconensis ●
Amiidae indet. ● ● ● ● ● ● ●
Amiopsinae indet. ●
Amiopsis woodwardi ● ●
Vidalamia catalunica ● ●
Table 1.2. Amiiform taxa present in Mesozoic Iberian sites.
will not be considered here, since their assessment to the order Amiiformes would 
require a detailed revision that lies outside the scope of the present work. On the other 
hand, there are a few Konservat-Lagerstätten that contain an extensive and excellently-
preserved fish record that usually allows a more precise taxonomic assignment. Among 
these, there are two localities that are especially relevant because of the completeness 
of their fish faunas: El Montsec and Las Hoyas.
In some cases, the material was originally described under names that have been 
changed by ulterior research. In other cases, the remains do not really belong to the 
amiiform taxa they were initially assigned to, or their corresponding taxa are not included 
in the Amiiformes anymore. Each particular case will be presented and discussed in detail 
below, following a systematic arrangment. For each taxon, a chronostratigraphical order 
will be followed. Special reference will be made in a later part of the dissertation to the 
genus Urocles (=Megalurus), whose taxonomic history is quite complex and involves a 
good part of the material described in this thesis.
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TAXA NO LONGER ASSIGNED TO THE AMIIFORMES
Three different genera cited from the Iberian Peninsula have been traditionally 
included within the Amiiformes but were subsequently transferred to other orders. 
These are Furo (Antunes et al., 1981), Eoeugnathus (e.g. Beltan, 1984; Cartanyà, 1995), 
and Ophiopsis (e.g. Cartanyà, 1999). 
AMIIFORMES INDET.
In many localities amiiform remains have been cited, but their quality and/or 
integrity of preservation do not allows for a more accurate identification than Amiiformes.
The oldest mention to Amiiformes indet. comes from a series of cliffs of 
the so-called Coast of the Dinosaurs (province of Asturias, northern Spain), where 
different Jurassic formations appear. In two of these formations, Tereñes and Lastres 
(Kimmeridgian), amiiform remains have been found, so far as isolated bones only (Ruiz-
Omeñaca et al., 2006).
Following a chronostratigraphical sequence, Amiiformes indet. are next found 
in the Cameros Basin (La Rioja, northern Spain). The Lower Cretaceous of this basin is 
divided into different units in the northwestern region of the Iberian Range. Amiiform 
remains were found in the following localities: the Oncala Group (Tithonian-Berriasian), 
the Urbión Group (Berriasian-Aptian), and the Enciso Group (Aptian), and they consist 
of isolated elements currently under study (Bermúdez-Rochas and Poyato-Ariza, 2007; 
Bermúdez-Rochas work in progress).
Isolated teeth assessed to Amiiformes indet. have been found in the site known 
as Vega de Pas I (Bermúdez-Rochas and Poyato-Ariza, 2007; Bermúdez-Rochas et al., 
2007; Moratalla et al., 2007). This locality outcrops in the beds of the Pas river, near the 
locality of Vega de Pas (Cantabria, central northern coast of Spain). It has been referred to 
the Viviparus layers of the Vega de Pas formation, Hauterivian-Barremian in age, located 
in the occidental-most region of the Basque-Cantabrian Basin (Bermúdez-Rochas et al., 
2007).
Finally, remains cited as Amiiformes indet. are also known from Galve in Teruel. 
Galve is a locality with several different outcrops, just like El Montsec. It is situated in the 
Galve Subbasin, which is part of the Lower Cretaceous Maestrazgo Basin of the central 
Iberian Range. Several faunistic lists of the vertebrate record from this locality have been 
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published; the most recent is by Ruiz-Omeñaca et al. (2004). Remains of Amiiformes 
indet. are also reported from two different formations of this Subbasin: El Castellar, 
upper Hauterivian-lower Barremian in age, and Camarillas, lower Barremian in age. 
These remains had previously been cited as Amiidae indet. by Díez et al. (1995), Canudo 
et al. (1996a,b), and Estes and Sanchíz (1982) for the El Castellar Formation, and by Estes 
and Sanchíz (1982), and Cuenca-Bescós et al. (1994) for the Camarillas formation. In 
both cases, the material consists mainly of isolated teeth, although some vertebrae and 
toothed palatal bones have also been found and assigned to this family.
FAMILY CATURIDAE
Caturidae indet.: all the remains assigned to the superfamily Caturoidea have 
been included in the family Caturidae. Some specimens are very well preserved (see 
Caturus below), but some others do not allow a taxonomic determination beyond 
Caturidae indet.
The central area of the Iberian Ranges spreads out between the cities of 
Barcelona, Zaragoza and Valencia. The Upper Jurassic ranges of this area have been 
divided into different units, two of which correspond to the formations known as Sot 
de Chera and Loriguilla, taking their names from close villages. These two adjacent units 
have been dated as Oxfordian-Kimmeridgian and Kimmeridgian, respectively. Numerous 
amiiform remains have been found in these two units in the province of Valencia. These 
remains are teeth that have been classified as caturids on the basis of their lanceolated 
morphology, characterized by an arrow-shaped apex and lateral sharp edges (Kriwet, 
1998).
Another site where Caturidae indet. remains have been cited is Guimarota. It 
is an outcrop located inside a coal mine, placed near the locality of Leiria, in central 
Portugal. The coal veins where the fossil remains have been found were dated as lower 
Kimmeridgian, according to its associations of ostracods and charophytes (Kriwet, 1998, 
2005). The Caturidae indet. remains consist of some isolated teeth (Kriwet, 2000).
The youngest remains assigned as Caturidae indet. come from the middle to late 
Cenomanian La Cabaña Formation, in the province of Asturias (Vullo et al., 2009). Outcrops 
of this Formation have yielded a rich assemblage of vertebrate microremains from both 
marine and continental environments, including a high diversity of actinopterygians. The 
caturid remains correspond to isolated teeth, described as smaller, more slender, and 
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slightly recurved lingually in comparison with amiid teeth of the same outcrops, which 
will be discussed below.
Caturus sp.: Caturus is probably one of the most abundant genera cited from 
Mesozoic fish associations. It includes several species, but only one has been assessed at 
specific level in the Iberian fossil record (see below under Caturus tarraconensis); most 
of the remains of this genus have been cited as Caturus sp.
The earliest record of Caturus sp. corresponds to the already commented doubtful 
assessments made by Beltan (1972, 1984) and Vía-Boada et al. (1977) for the specimens 
coming from the laminated dolomites of Montral-Alcover. This upper Ladinian (Middle 
Triassic; Calvet and Tucker, 1995, Quesada and Aguera-González, 2005) outcrop is placed 
between the localities of Mont-Ral and Alcover (Tarragona, northeastern Spain), in the so-
called Montañas de Prades, which are part of the Cordillera Costero-Catalana. The fishes 
of this outcrop usually appear as impressions without any remains of organic tissues (the 
strata are formed by partially metamorphic dolomites), but are mostly represented by 
complete, articulated organisms (Cartanyà, 1995). Beltan (1984) includes this genus in 
the family Amiidae. Cartanyà (1995, 1999) includes it in the family Caturidae, although 
he clearly stresses the need of a complete re-examination of the specimens to test their 
taxonomic assignment.
The next site where Caturus sp. remains have been cited is Alcaine, located in the 
province of Teruel. This outcrop is considered as lower Barremian in age (Poyato-Ariza 
et al., 1999). Only a personal communication makes allusion to the appearance of this 
genus in this site (Poyato-Ariza et al., 1999).
A third vertebrate assemblage where Caturus sp. has been noted is from 
Buenache de la Sierra. It is located in the Buenache de la Sierra Subbasin, which is part 
of the Serranía de Cuenca (Southwestern Iberian Ranges), some 18 Km east of the city of 
Cuenca. The depositional layers that fill the so-called Cubeta de Las Hoyas, dated as lower 
Barremian, belong to the same formation (La Huérguina Formation) than those filling 
the Buenache de la Sierra Subbasin. However, only two of the depositional sequences 
outcroping at Las Hoyas, the oldest ones, outcrop at Buenache de la Sierra as well; they 
are known as Rambla de las Cruces I and Rambla de las Cruces II (Buscalioni et al., 2008). 
Most of the record of Buenache consists of microfossils, including some teeth whose 
morphotype has been attributed to the genus Caturus (Buscalioni et al., 2008).
The youngest record of Caturus sp. is that of Las Hoyas fossil site. This very famous 
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Konservat-Lagerstätte is placed in the municipal term of La Cierva, province of Cuenca, 
eastern central Spain. It is constituted by lithographic limestones that were deposited 
filling the Cubeta de Las Hoyas, which is part of the Great Iberian Basin, located in the 
Serranía de Cuenca (Southwestern Iberian Ranges), belonging to the La Huérguina 
formation (Fregenal-Martínez and Meléndez, 1995a). This outcrop is considered upper 
Barremian in age (Diéguez et al., 1995), and its limestones have yielded a great diversity 
of ichthyological remains (e.g., Poyato-Ariza and Wenz, 1995; Poyato-Ariza, 2005a; 
Escaso et al., 2005), which are characterized by its extremely good preservation, and 
are often complete, although incomplete or disarticulated specimens occur as well. The 
amiiform fishes from this site are currently under study, so their taxonomical assignment 
is preliminary. The genus Caturus is probably the least abundant of them, although it is 
known from both juvenile and adult specimens (Wenz and Poyato-Ariza, 1994). A revised 
assessment of the so-called Caturus from Las Hoyas will hopefully be available after 
current work in progress.
Caturus tarraconensis: The good preservation of the fossils from the El Montsec 
outcrops has allowed an assignment of some material to the species Caturus tarraconensis, 
which is endemic of El Montsec. The Lagerstätte of El Montsec, located in the Spanish 
province of Lérida, is part of the southern unity of the Pyrenees Chain. The depositional 
layers that constitute the fossil-yielding sites of El Montsec belong to the upper Berriasian-
lower Valanginian sequence, which is divided into two different lithostratigraphic units: La 
Serra del Montsec and La Pedrera de Rúbies (Fregenal-Martínez and Meléndez, 1995b). 
These sites have yielded a very diverse faunal assemblage, especially concerning fish 
fossils, which have been described in numerous publications and summarized by Wenz 
and Poyato-Ariza (1995). Although rare, Caturus tarraconensis is known to reach even 
180 cm in length (Wenz and Poyato-Ariza, 1995). The currently available information 
does not suggest a close relationship between Caturus tarraconensis and the Caturus sp. 
from Las Hoyas, even though their faunal assemblages are relatively similar (Sanz et al., 
1988; Wenz and Poyato-Ariza, 1995).
FAMILY AMIIDAE
Amiidae indet.: All remains assigned to the superfamily Amioidea have been 
included in the family Amiidae. According to Grande and Bemis (1998), this family is 
comprised of four different subfamilies (plus some taxa of uncertain subfamilial affinities); 
at least two of them have been identified in the Portuguese and Spanish sites. However, 
the preservation of some amiid remains does not permit their assignment even at a 
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subfamily level.
The coal mine of Guimarota has yielded other amiiform remains besides the 
caturid teeth discussed above; an incomplete but partially articulated specimen shows 
different elements of the skull, scales and a vertebral autocentrum. It was preliminarily 
assigned to the caturids (Kriwet, 2000), but a subsequent analysis determined it to be 
more likely an Amiidae indet. (Kriwet, 2005).
Some remains from the Lastres Formation, different from the Amiiformes indet. 
material just commented, were also assigned as Amiidae indet. (Ruiz-Omeñaca et al., 
2006).
According to Poyato-Ariza et al. (1999), Amiidae indet. remains have been found 
in Alcaine, where the genus Caturus has been cited as well (see above).
The outcrop of Buenache de la Sierra (see Caturus sp. above) has also yielded 
remains of teeth of a second amiiform morphotype discussed as Amiidae indet., 
although they probably belong to the subfamily Amiopsinae, along with the remains of 
other fossils previously classified to the Amiopsinae (Buscalioni et al., 2008), as will be 
explained in the following section. 
Remains of Amiidae indet. have been cited from sediments of several Portuguese 
localities between Cacém and Alcântara, west of Lisboa, dated as middle Cenomanian 
(Upper Cretaceous). This material consists of some partial frontal bones, scales, palatal 
bones and partial dentaries. Originally, these remains were assigned to the species 
Paleamia cenomaniensis by Jonet (1981) along with its corresponding holotype and 
paratypes. Grande and Bemis (1998) considered these remains as Amiidae nomen 
dubium, on the basis of the doubtful application of the diagnosis made by Jonet (1981) 
and on the fact that there is no evidence that all specimens belong to the same taxon, 
as they were found in diverse localities from different horizons. According to Grande and 
Bemis (1998), only the scales of the paratype series could be classified as Amiidae indet., 
and the rest are of difficult determination.
As commented above (see Caturidae indet.), amiid-like teeth, characterized by 
a robust crown, have been found at La Cabaña Formation (Vullo et al., 2009). These 
remains have been classified as Amiidae indet.
Finally, isolated teeth from Quintanilla la Ojada (province of Burgos), in the 
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Villarcayo Sinclynorium of the Basque-Cantabrian Region, have been cited as cf. Amiidae 
indet. (Berreteaga et al., 2011). This outcrop is considered Maastrichtian in age, its 
remains thus representing the latest record of amiiform fishes in the Iberian Peninsula.
Amiopsinae indet.: As discussed above, the outcrop of Buenache de la Sierra 
has yielded a diverse record of amiiform fishes. Beside the morphotypes (based on 
teeth) assigned to Caturus sp. and Amiidae indet., some vertebral autocentra have also 
been found. They correspond to the description given by Grande and Bemis (1998) for 
the subfamily Amiopsinae (Buscalioni et al., 2008), and thus have been classified as 
Amiopsinae indet.. They may or may not belong to the same taxon as the Amiidae indet. 
teeth mentioned above, but, at present, do not allow for a more precise assignment. 
Amiopsis woodwardi: Only the specimens from the Konservat-Lagerstätten of 
El Montsec and Las Hoyas are complete enough to allow a sound specific assessment. 
One of these species is Caturus tarraconensis (see above). A second species, Amiopsis 
woodwardi, is endemic to these two fossil sites.
This species is rare in El Montsec, but complete adult and juvenile specimens 
have been reported, of which adults reach up to 20 cm in length (Wenz, 1988; Wenz and 
Poyato-Ariza, 1994, 1995). The taxonomic history of Amiopsis woodwardi at El Montsec 
is quite complicated, as it was previously assigned to the now invalid genus Urocles. The 
controversy around this genus also involves the other amiid species described from this 
outcrop, Vidalamia catalunica (see below), and will be explained in detail in the Chapter 
4 of this thesis.
Amiopsis woodwardi is not exceedingly common in the Las Hoyas fossil site. The 
adult specimens, that can reach up to 20 cm in length (Poyato-Ariza and Wenz, 1995), 
are quite less abundant than the juvenile ones. The specimens from Las Hoyas seem 
to correspond to the description provided by Grande and Bemis (1998) for the genus 
Amiopsis which, on the other hand, is not very well supported in terms of diagnostic 
characters. The assignment to Amiopsis woodwardi has traditionally been made on the 
basis of the global similarities between the fish assemblages of El Montsec and Las Hoyas 
(Sanz et al., 1988; Poyato-Ariza and Wenz, 1995), and is in need of revision.
Vidalamia catalunica: The subfamily Vidalamiinae is also present in the Iberian 
fossil record. As Amiopsis woodwardi, Vidalamia catalunica has only been found at El 
Montsec and Las Hoyas. Both the genus Vidalamia and its type and only species are 
endemic to these two sites.
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Vidalamia catalunica is easily distinguishable at first sight from the other amiid 
species from El Montsec, Amiopsis woodwardi, mainly because of its longer dorsal 
fin. It is known from very few specimens in El Montsec. They can reach up to 50 cm 
in estimated total length (Wenz 1971; Wenz and Poyato-Ariza, 1995). Its taxonomic 
history also includes assignment to the invalid genus Urocles, as in the case of Amiopsis 
woodwardi (see following section).
Vidalamia catalunica is also very rare at Las Hoyas, being one of the largest 
fishes of this fauna (Poyato-Ariza, 2005b). As for Amiopsis woodwardi, the specimens 
of Vidalamia from Las Hoyas have been traditionally described under the same specific 
name as those of El Montsec due to the global similarities of the two fish faunas, so that 
further review is needed to confirm whether they are the same species or not.
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1.5 AMIIFORMES FROM LAS HOYAS AND EL MONTSEC
Amiiforms are relatively rare at Las Hoyas. Only approximately 300 out of over 
5000 fish specimens correspond to amiiforms; although the number of specimes is 
high, they are among the less frequently found at the site in comparison with other fish 
groups. Besides, and in contrast with most of the other groups, a large proportion of 
these specimens are isolated scales. Thus, not a large number of complete specimens 
are available for a phylogenetic study. Fortunately, these are usually fairly complete and 
articulated, and present the exceptional preservation characteristic of the site, thus 
providing us with abundant anatomical information.
The amiiforms at Las Hoyas belong to three different taxa. Their most noticeable 
features, which allow to distinguish them readily in the field, are observed in the 
vertebrae and the fins. One of these three taxa does not present ossified vertebral 
autocentra, whereas the other two do; one of the latter present autocentra with smooth 
lateral surface, while the other one presents several fossae on the lateral surfaces of 
its autocentra. Regarding fins, one of the taxa present a long dorsal fin with numerous 
radial elements and rays. Another taxon presents pelvic girdles with a very characteristic 
elongated, thin pelvic bone, instead of the usual hourglass-shaped basipterygium of 
most amiiforms. The caudal fin also presents a very different shape in each of the taxa: 
from slightly furcated, to high and slightly convex, to elongated and strongly convex. 
Additional features, such as the shape of the maxilla, the teeth, or even the body outline 
(elongated and more fusiform vs. shorter and higher) have also been used to distinguish 
them from each other de visu.
Curiously enough, there have been described also three different amiiform 
taxa from El Montsec, the other Lower Cretaceous Konservat-Lagerstätte in the Iberian 
Peninsula: Caturus tarraconensis, Vidalamia catalunica, and Amiopsis woodwardi (Fig 
1.13). Each of these three taxa presents a notable resemblance to each of the amiiforms 
from Las Hoyas. Actually, El Montsec shares numerous taxa with Las Hoyas. Regarding 
fishes, a number of them are shared at the generic level; “Holophagus”, Pleuropholis, 
Lepidotes, Notagogus, Propterus, and Rubiesichthys (R. gregalis being shared at specific 
level) are present in both fossil sites (Wenz and Poyato-Ariza, 1994, 1995; Poyato-Ariza 
et al., 1999). All these similarities have led the first authors who studied the ichthyofauna 
from Las Hoyas to name its three amiiform taxa after those from El Montsec. It is worth 
remarking, nonetheless, that revision of the Las Hoyas ichtyofauna has usually resulted 
on showing that it is more different from that of El Montsec than previously thought; 
that is the case of the Pycnodontiformes, for instance, and of Lepidotes (Wenz, 2003; 
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Poyato-Ariza and Martín-Abad, in press). This happens because, for historic reasons, 
fish assessments in Las Hoyas have been traditionally proposed following general 
resemblance with the fishes from El Montsec.
Figure 1.13. Amiiforms from El Montsec. A) Caturus tarraconensis, specimen MGB 515. B) Caturus 
tarraconensis, specimen IEI 2045A. C) Amiopsis woodwardi, specimen MGB 9642. D) Amiopsis 
woodwardi, specimen IEI 5145. E) Vidalamia catalunica, specimen IEI 1313A. F) Vidalamia catalunica, 
specimen MGB 567. Scale bars equal 5 cm.
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1.6 MATERIAL AND METHODS
EXCAVATION AND COLLECTIONS
Excavations at Las Hoyas have consistently taken place nearly every summer 
since the discovery of the site in 1984; I have been involved in the last eleven excavation 
campaigns. During the first years the excavation consisted in the extraction of the 
laminated limestones that contained fossils; but as summer campaigns passed by, 
researchers realized the potential of the site, and more and more kind of data began 
to be retrieved in situ. So, in the latest phase of study at Las Hoyas (see Buscalioni and 
Fregenal-Martínez, 2010), the excavation has consisted on a systematic layer-by-layer 
sampling. For each layer, the size and total number of specimens found are recorded, 
as well as other data such as orientation. This exhaustive record has already allowed 
for a quite precise correlation between the layers excavated in part of the square areas 
at the site and, as a result, a stratigraphic column has been reconstructed where the 
fossils found can be located. Hopefully, the layers of the rest of the square areas will be 
incorporated to the column in the near future.
The collection of fossils from Las Hoyas is housed at the Museo de las Ciencias 
de Castilla-La Mancha (MCCM), in Cuenca. These specimens are also incorporated into 
a data base together with all the available related information. This data base currently 
includes more than 17000 fossil specimens. While the staff at the MCCM has always kindly 
cooperated with researchers to facilitate their work, unfortunately not the same can be 
said about the autonomic government of Castilla-La Mancha. For a long time during 
the last years they have failed to maintain a curator to look after the collections at the 
museum, which has made much more difficult developing research on Las Hoyas fossils, 
including the present PhD project. Moreover, the Law 4/2013 on Cultural Heritage of 
Castilla-La Mancha (DOCM, 2013) establishes on its article 43.2 that movable properties, 
including fossils, shall not be transported out of the place where they are deposited (the 
collections at the museum). In practice, this means that, in order to study the fossils, 
researchers have to go to the museum; in the concrete case of the MCCM, it does not 
really possess the appropriate facilities to do so. In the end, it all sums up to sometimes 
make really difficult doing research on the natural heritage of Castilla-La Mancha.
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PREPARATION METHODS
Fossil fishes from Las Hoyas appear usually complete and articulated and, even in 
the rare isolated elements, the preservation is exceptional. They are typically preserved as 
dark reddish to brown colored bones in a light brown to light gray limestones (depending 
on the amount of organic matter accumulated on them). Nearly all the known specimens 
are preserved in lateral view, including their skulls, and are laterally compressed, rarely 
showing much tridimensional preservation. Specimens are usually found as slab and 
counterslab after opening the thin laminated limestones, although sometimes the whole 
specimen is preserved mostly or even only in one of the two slabs for a variety of reasons 
(e.g., particular way of splitting, excessive breaking of the counterpart, past practices of 
collection management). 
Most of the specimens were locally prepared mechanically, chemically, or a 
combination of both. Being most of them small and delicate, the mechanic preparation 
was made under the scope with a scalpel and a bug pin. For local chemical preparation, 
a 2-4% solution of formic acid buffered with calcium phosphate (which helps preventing 
the acid from attacking the bone) was used to dissolve the limestone. The acid was 
poured in little drops over the selected areas, where it was allowed to act in cycles of 
less than a minute, and then it was rinsed gently with water. Once the bone appeared 
on the surface, it was coated with a highly diluted solution of B-72 paraloyd in acetone, 
which acted as a quick-drying protective sealer. The process was repeated until all the 
bone was uncovered.
A few specimens were acid-transfer prepared, basically following the methods 
described in Toombs and Rixon (1959) and Rixon (1976). The objective of this preparation 
is to show the side of the fish that remains hidden within the matrix. In summary, the 
method consists on locally preparing the exposed side first, which is then covered by a 
polyester resin and, afterwards, the whole block is immersed into a 4% solution of formic 
acid buffered with calcium phosphate until the bone shows up, and then gently rinsed 
with water. The newly exposed bone is covered with a B-72 paraloyd sealer solution. It is 
important to notice that before applying the sealer the specimen needs to be completely 
dry, since the paraloyd solution reacts with water to form a white, solid compound that 
can damage the bone. The process is repeated in cycles until all the limestone is dissolved.
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VERNACULAR SUFFIXES 
Vernacular suffixes are used in this dissertation following Grande and Bemis 
(1998, 1999):
• Names ending in in are tribes (such as vidalamiin for Vidalamiini).
• Names ending in ine are subfamilies (such as amiine for Amiinae).
• Names ending in id are families (such as amiid for Amiidae).
• Names ending in oid are superfamilies (such as amioid for Amioidea).
• Names ending in form are orders (such as amiiform for Amiiformes).
OSTELOLGICAL TERMINOLOGY 
It is important to notice that there are problems of homology between 
actinopterygians and sarcopterygians concerning the nomenclature of cranial bones 
(Schultze, 2008). Here, cranial terminology follows Grande and Bemis (1998). Therefore 
the traditional nomenclature for the skull roof is used herein: frontal/parietal rather than 
parietal/postparietal. For example, when referring to the frontal, it means the parietal 
sensu Schultze (2008). This is currently the majoritary trend in actinopterygian osteology; 
no detailed study of the homology between primitive and derived actinopterygians has 
ever been attempted.
Figure 1.14. Schematic of an amioid scale with nomenclature for scale description.
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Terminology and abbreviations for the rest of the skeletal elements are used here, 
unless expressly noted, also following the nomenclature in Grande and Bemis (1998), 
since it is the commonly used for describing amiiform fishes. As an exception, the terms 
opercular, subopercular, interopercular, and preopercular bones are here preferred over 
opercle, subopercle, interopercle, and preopercle (used in Grande and Bemis, 1998), to 
avoid confusion with the operculum complex, often referred simply as opercle.
Terminology for scales description, done here in much more detail than in Grande 
and Bemis (1998), follows Daniels (1996), and is summarized in figure 1.14.
ANATOMICAL ABBREVIATIONS
aar, anterior articular element; ang, angular; ao, antorbital; ar, articular; 
arp, ascending ramus of parasphenoid; bo, basioccipital; bop, branchiopercular; 
br, branchiostegals; bspt, basipterygium of pelvic girdle; cha, anterior ceratohyal; 
chp, posterior ceratohyal; cl, cleithrum;  co, coronoid; d, dentary; dpla, anterior 
dermopalatine; dplp, posterior dermopalatine; dpt, dermopterotic; dr, distal radials; 
dsp, dermosphenotic; ecp, ectopterygoid; enp, endopterygoid; ep, epural; epx, epaxial 
fin rays; es, extrascapular; fr, frontal; g, gular; h, hyomandibular; ha, haemal arch; hb, 
hypobranchial; hh, hypohyal; hpx, hypaxial fin rays; hpxa, anteroventralmost hypaxial 
caudal fin ray; hpxd, dorsalmost hypaxial caudal fin ray; hs, haemal spine; hyp, hypural; ic, 
intercalar; ihm, infrahaemal; io, infraorbital bones; iop, interopercular bone; l, lacrimal; 
le, lateral ethmoid; lloc, caudal extension of lateral line canal; m, mentomeckelian 
ossification; mcnf, dorsal opening to mandibular sensory canal; mpt, metapterygoid; 
mr, middle radial; mtg, metapterygium; mtgo, ossified portion of metapterygium; mx, 
maxilla; n, nasal; na, neural arch; ns, neural spine; nsm, median neural spine; nsp, paired 
neural spines; oc, occipital condyle; op, opercular bone; pa, parietal; par, posterior 
articular element; pas, parasphenoid; pastp, parasphenoid tooth patch; pb, ossified 
portion of basipterygium; pcl, postcleithrum; pfr, principal fin rays; phy, parhypural; 
pmx, premaxilla; pop, preopercular bone; pr, proximal radials; prfr, precurrent fin 
rays; pro, prootic; pt, posttemporal; ptg, propterygium; q, quadrate; r, rib; ra, elongate 
proximal radials; rar, retroarticular; ro, rostral; sag, supraangular; scf, scapular foramen; 
scl, supracleithrum; sco, scapulocoracoid; smx, supramaxilla; sn, supraneural; sop, 
subopercular bone; sr, sclerotic ring; su, supraorbital bones; sym, symplectic; u, ural 
autocentrum; ud, urodermal; una, ural neural arch; vo, vomer.
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INSTITUTIONAL ABBREVIATIONS
BSP, Bayerischen Staatssammlung für Paläontologie und Historische Geologie, 
München, Germany; FMNH Field Museum of Natural History, Chicago, Illinois, U.S.A. 
(PF, fossil specimens from the Geology Department); IEI, Institut d’Estudis Ilerdencs, 
Lérida, Spain; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, 
Beijing, China; MCCM, Museo de las Ciencias de Castilla-La Mancha, Cuenca, Spain 
(LH, Las Hoyas Collection); MCZ, Museum of Comparative Zoology, Harvard University, 
Cambridge, Massachusetts; MGB, Museu de Geologia de Barcelona, Barcelona, Spain 
(MSE, El Montsec Collection); MNHN, Muséum national d’Histoire naturelle (Institut de 
Paléontologie), Paris, France; TMP, Royal Tyrrell Museum of Palaeontology, Drumheller, 
Alberta, Canada; UAM, Universidad Autónoma de Madrid (Unidad de Paleontología), 
Madrid, Spain; UMMZ, University of Michigan, Museum of Zoology, Ann Arbor, U.S.A.
LIST OF MATERIAL EXAMINED FROM MCCM-LH COLLECTION
076a/b, 868, 2131a/b, 2133, 2147a/b, 22600a/b, 30766a/b, 30862, 30878a/b, 35300a/b, 
36104: very small specimens, complete to nearly complete skeleton, very well preserved.
023, 085R, 151Pa/b 2401a/b, 9224a/b, 9576a/b, 11286, 15783a/b, 16251a, 16257a, 
20263a, 23062a/b, 23455a/b, 23602a/b, 26457a/b, 26772a/b, 28604a/b, 30740a/b: 
small, complete skeleton, excellent preservation.
066a/b, 086R, 221a/b, 461, 1082a/b, 15305a/b, 16641, 23544a/b, 28235a/b, 28419a/b, 
31280a/b: small, complete skeleton, imperfectly preserved.
9113a/b, 9159a/b, 9226a/b, 9250a/b, 13657a/b, 15196a, 15583a/b, 15827a/b, 
17274a/b, 17431, 26022a/b, 29500b: small, almost complete skeleton, well preserved.
2139a/b, 6070a/b, 7452a/b, 9165a, 9474a/b, 11172a/b, 13398a/b, 15470a/b, 20241a/b, 
20312, 29500a, 30560a/b, 30731a/b: small, almost complete skeleton, imperfectly 
preserved.
162, 2319a/b, 11359, 13127a/b, 15835a/b, 20620a/b, 28299a/b, 29866, 30941a/b, 
31108a/b, 32022a/b, 32059, 32244a/b: small, incomplete skeleton, well preserved.
17139a/b, 23561a/b, 30621a/b: small, incomplete skeleton, imperfectly preserved.
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1235: small anterior half of skeleton, imperfectly preserved.
065a/b, 239a/b, 1275, 2134, 2186, 13572a/b, 18038, 28717a/b, 30933: small posterior 
half of a skeleton, very well preserved.
1024a/b, 2318a/b, 5099a/b: small skull, very well preserved.
16241a/b: medium size complete skeleton, very well preserved.
32777a/b: medium size almost complete skeleton, excellent preserved.
20485a/b, 22382a/b, 23354a/b: medium-sized, nearly complete skeleton, imperfectly 
preserved.
213a/b, 2217, 32354: medium-sized, incomplete skeleton, very well preserved.
32023: medium-sized, incomplete skeleton, acid-transfer prepared, excellent 
preservation.
374Ra/b: medium-sized, anterior half of skeleton, excellently preserved.
2149+2150, 7095a/b, 20192a/b, 22115a/b: medium-sized anterior half of skeleton, well 
preserved.
6866, 927042a/b: large size posterior half of skeleton, very well preserved.
9645a/b, 13020a/b, 16040a/b, 20602, 22385a/b: large specimens, complete to nearly 
complete skeleton, excellently preserved.
30666a/b: large, almost complete skeleton, imperfectly preserved.
2970, 4143a/b, 9648a/b, 13018, 13360a/b, 15300a/b, 16582a/b, 23548a/b, 26485a/b, 
26975a/b, 28302, 28769, 929003a/b: large, incomplete skeleton, very well preserved.
520a/b: large, disarticulated skeleton.
30833a/b: large anterior half of skeleton, imperfectly preserved.
28160a/b: large posterior half of skeleton, excellently preserved.
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6139, 15075a/b, 16201a/b: large posterior half of skeleton, very well preserved.
15030: large skull, imperfectly preserved.
1176a/b, 28258a/b, 29292a/b: impression of a small-sized, complete skeleton.
29606b: partial impressionof a large skeleton.
17006: impression of a large anterior half of skeleton.
2403, 7461a/b: impression of a large posterior half of skeleton.
234, 5389a/b, 6030a/b, 16215a/b, 18033a/b, 20008a/b, 23823a, 28639, 30372a/b, 
6170017: part of vertebral column, very well preserved.
6372b, 9121a/b, 13268, 13478a/b, 20226a/b, 23322a/b, 28768a/b, 29606a, 31381a/b, 
31431a/b: partially articulated elements, very well preserved.
231a/b, 1130a/b, 20017, 20520, 23551a, 29958, 30735a/b: fin rays, very well preserved.
15363: isolated bones, very well preserved.
415, 5284, 6369a/b, 6371a/b, 7053a/b, 7056a/b, 7060a/b, 7073a/b, 7074a/b, 7079a/b, 
7139a/b, 7244a/b, 9192, 9193, 9194, 9406a/b, 9621a/b, 9622a/b, 11178a/b, 18017a/b, 
18050a/b, 20136a/b, 22084a/b, 22147a/b, 22403a/b, 22404a/b, 23928a/b, 26530, 
26924, 28210a/b, 28764a/b, 31052a/b, 31367a/b, 31368a/b, 31372a/b, 31373a/b, 
31374a/b, 31375a/b, 32032, 32056a/b, 32057, 32058, 32068a/b, 32077a/b, 32095a/b, 
32123a, 32195a, 32236, 32242a/b, 32311a/b, 32313, 32314, 32362a/b, 32407a/b, 
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2.1 INTRODUCTION
AMIIFORMS FROM EL MONTSEC VS. AMIIFORMS FROM LAS HOYAS
Despite having traditionally been named after the amiiforms from El Montsec, a 
more detailed observation at the taxa from Las Hoyas reveals that they are actually quite 
different from the former. Just in meristic terms, they differ in the number of several 
characters, such as the number of the rays in paired fins (higher in Vidalamia catalunica 
from El Montsec than in the similar taxon from Las Hoyas), or of branchiostegal rays 
(higher in Amiopsis woodwardi than in the taxon from Las Hoyas). They also differ in the 
shape of certain structures; for instance, the caudal fin is much more deeply forked in 
Caturus tarraconensis than in the taxon from Las Hoyas.
The first species, the Caturus-like taxon, does present morphological affinities 
with the caturoids (Superfamily Caturoidea), such as a very slender maxillary bone, a 
forked caudal fin, or a sickle-shaped posterior margin of the dorsal fin. However, it also 
presents some characters, such as a lower number of branchiostegal rays, and the caudal 
neural and haemal spines not as strongly inclined backwards, that differentiate it from 
caturids, including Caturus tarraconensis.
In turn, it seems clear that the other two taxa are amiids (belong to the family 
Amiidae), according to the characters that define this family (Grande and Bemis, 1998; 
see Chapter 1). First, both taxa present solid, perichordally ossified, drum-shaped 
diplospondylous centra of both the “normal” and alternating types. The second character, 
the occiput extending posterior to the proximal ends of exoccipitals, cannot be confirmed 
in either taxa. Both present anteriorly projecting spine-like processes on neural and/or 
haemal arches, especially in the last preural and in the ural caudal vertebrae.  And finally, 
one of the two taxa has smooth lateral surfaces on its vertebral centra, whereas the other 
one has lateral fossae on them; however, this character is polymorphic and homoplastic 
within the family. These assessment are, of course, a preliminary work hypothesis to be 
tested via the phylogenetic analysis performed in the corresponding section.
The three amiiform taxa are not equally represented at Las Hoyas. In fact, one 
of them, the Amiopsis-like taxon, is much more common than the other two, both in 
number of articulated specimens and of isolated scales. The putative caturid is the less 
common in terms of articulated remains (only six specimens so far, not counting isolated 
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scales), whereas the Vidalamia-like taxon presents the less abundant record of isolated 
scales (only nine known so far). All three taxa are represented by individuals of different 
ontogenetic stages, the Amiopsis-like taxon even known from a relatively complete 
ontogenetic series (over 20 articulated specimens ranging from 12.3 mm to 254 mm 
standard length). The record from Las Hoyas includes very small individuals from the 
three taxa, measuring slightly over one centimeter, which are the smallest amiiforms 
known up to date (Fig 2.1). 
Figure 2.1. Very young amiiform individuals from Las Hoyas. A) Putative caturoid taxon, specimen 
MCCM LH 37055a/b. B) Amiopsis-like taxon (New taxon #1), specimen MCCM LH 15783a. C) Vidalamia-
like taxon (New taxon #2), specimen 2131a. Scale bars equal 1 cm.
The three taxa are here studied, in the first place, from the point of view of 
comparative anatomy, in order to establish their phylogenetic affinities within Amiiformes 
through ulterior cladistic analyses. While it has been possible to define character states 
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for most anatomic characters for the caturid taxon (see Chapter 3), the very small number 
of individuals of this species unearthed to date, together with an unusually insatisfactory 
preservation (i.e., large individuals are either disarticulated or partially dissolved; Fig 
2.2), does not allow for a detailed description of this taxon for the time being. Thus, 
a detailed anatomic study will not be included in this memoir, on hold of finding new, 
better preserved specimens. It will, nonetheless, be included in the cladistic analysis 
(Chapter 3), as well as in the osteochronometric palaeobiological study (Chapter 6) with 
the data available in this moment.
Figure 2.2. Putative caturoid from Las Hoyas. A) MCCM LH 520a. B) MCCM LH 28160a. C) MCCM LH 
22382. D) MCCM LH 16241b. E) MCCM LH 26022a. Scale bars equal 5 cm for A, C and D, and 2 cm for 
B and E.
The following two sections will deal with the detailed anatomical descriptions of 
the two amiid species: the Amiopsis-like taxon, henceforth called New taxon #1 (Chapter 
2.2) and the Vidalamia-like taxon, New taxon #2 (Chapter 2.3).
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2.2 NEW TAXON #1
Holotype—MCCM LH 9645a/b, part and counterpart (Figs 2.3-2.4). 254 mm SL 
and 315 mm TL. The specimen is complete and articulated, only lacking the tips of fin 
rays and some teeth. The slab “a” was acid-prepared locally, not transferred to resin. The 
specimen is complete, mostly articulated, and shows excellent preservation, with only 
some bones of the skull and a few neural arches damaged. The slab “b” shows only the 
imprint of some damaged skull bones.
Paratype— MCCM LH 16040a/b (Fig 2.5). 180 mm SL and 218 mm TL. The specimen 
is complete and articulated, only lacking part of the opercular series, the pectoral girdle, 
and some fin ray segments. The slab “b” was mostly covered by matrix, with only part of 
the abdomen exposed, and was mechanically and acid-prepared locally, not transferred 
to resin. The preservation is very good, but the vertebrae of the exposed surface of the 
fish were already broken. The slab “a” shows only the originally exposed surface, which 
corresponds to part of the abdominal region.
Material examined (tpoptypes)—In addition to the holotype and paratype, 
15 other specimens were studied: MCCM LH 023, 076a/b, 085R, 151Pa/b, 374Ra/b, 
9576a/b, 11286, 15783a/b, 16257a, 17274a/b, 22600a, 23062a/b, 30878a/b, 32022a/b, 
32244a/b. The specimens were all nearly complete skeletons, several of which were 
acid-prepared; they range from 12.3 to 62.2 mm SL. 
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Figure 2.3. New taxon #1 Specimen MCCM LH 9645 (holotype). A) Part, MCCM LH 9645a. B) Specimen 
in A slightly coated with ammonium chloride. C) Digital drawing of the skeleton as preserved in 
specimen in A. Scale bar equals 5 cm.
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  Figure 2.4. New taxon #1. Digital drawing of the skeleton as preserved in 
specimen MCCM LH 9645a (holotype). Enlarged version of figure 2.3C. Scale 
bar equals 5 cm.
Figure 2.5. New taxon #1. A) Specimen MCCM LH 16040b (paratype). B) Specimen in A slightly coated 
with ammonium chloride. Scale bar equals 5 cm.
DESCRIPTION
Meristic and morphometric characters—Descriptive counts and measurements 
are provided by Tables 2.1-2.10. The known size of this species ranges from 12.3 mm SL 
and 15.6 mm TL (specimen MCCM-LH 22600a) to 254 mm SL and 308 mm TL (MCCM-LH 
9645a/b).





(as % of SL)
Mandibular 
length
(as % of HL)
Gular length
(as % of HL)
Frontal 
length
(as % of HL)
Snout 
length
(as % of HL)
Postorbital 
length


































































































































































































































Table 2.1. Measurements for a growth series of New taxon #1: head bones. SL = standard length; HL 
= head length.
* Estimated by % of SL represented by HL in other specimens, which is the most constant % of SL. 
When only head is lacking, SL is estimated by the % of SL represented by the rest of the body (100% - 
% of SL represented by HL).
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Table 2.2. Measurements for a growth series of New taxon #1: head bones. SL = standard length.
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Table 2.3. Measurements for a growth series of New taxon #1: body proportions. SL = standard length; 
TL = total length.
*Estimated by % of TL represented by SL in the other specimens. 
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Table 2.4. Measurements for a growth series of New taxon #1: fin measurements and ratios. SL = 
standard length.
* Length between dorsal and caudal fins.
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SKULL
Braincase and ethmoid region— All the known specimens of New taxon #1 have 
the skull preserved in lateral view. This, together with the exceptional preservation of 
the specimens, always with a very complete dermocranium, does not allow viewing 
any bone of the sphenotic, otic, and occipital regions of the braincase. Only part of the 
ethmoid region can be seen on some specimens.
The rostral (ro) is a V-shaped bone with a relatively large paired lateral expansions 
(wings). Posteriorly, the rostral bone articulates with the nasals. The tip of each lateral 
arm of the rostral is continuous with the tip of the corresponding antorbital. The rostral 
bone overlies the premaxillae. On the medial anterior surface of each wing of the rostral 
there is a small opening to the rostral canal. 
The paired lateral ethmoid (le) lies just ventral to the anterolateral corner of the 
frontal and the posterolateral corner of the nasal, and dorsal to the vomer and lacrimal. 
The lateral ethmoid is roughly hemispherical posteriorly and flatter anteriorly. It is 
partially overlapped by the antorbital. The lateral ethmoid articulates in life with the 
palatal complex (usually with the autopalatine), forming the anterior suspension of the 
palatal complex to the skull (Grande and Bemis, 1998).
Otoliths—Otoliths are paired elements that crystallize within the acustico-
lateralis system, which is located in the braincase, right next to the prootic bones in Amia 
calva (Grande and Bemis, 1998, fig 26). As stated above, this region is not clearly visible 
in any of the known specimens of New taxon #1, and no otoliths have been observed.
Skull roof— The skull roof of New taxon #1 is formed by six paired bones: nasal, 
frontal, dermosphenotic, dermopterotic, parietal, and extrascapular. As stated above, 
all the known specimens of New taxon #1 are preserved in lateral view, so the skull 
roof is never fully observable. The skull of the holotype (Fig 2.6), nonetheless, is slightly 
compressed, and both the left and part of the right sides of the skull roof are visible. The 
skull roof is, however, not as well preserved as the rest of the specimen. Nevertheless, 
the shape and margins of most of the bones can be confidently traced. The skull of the 
paratype (Fig 2.7) is preserved in lateral view.
Figure 2.6. New taxon #1. A) Skull from specimen MCCM LH 9645a    
(holotype) slightly coated with ammonium chloride. B) Digital drawing of the 
skeleton as preserved in specimen in A. Scale bar equals 2 cm. Abbreviations 
on pp. 70.
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Figure 2.7. New taxon #1. A) Skull from specimen MCCM LH 16040b (paratype). B) Specimen in A 
slightly coated with ammonium chloride. Scale bar equals 2 cm.
[ 087 ]
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The bones of the skull roof of New taxon #1 are very smooth, lacking a developed 
ornamentation. Even in the largest specimen the ornamentation consists only of 
very few, small foramina irregularly disposed and thin, shallow, parallel grooves. This 
contrasts with the taxa from other amiid subfamilies (Grande and Bemis, 1998), where 
the ornamentation is usually moderately to highly developed. As happens in Amia calva, 
there are no fenestrae, fontanelles, or pineal openings on the skull roof. The bones are 
tightly sutured to each other in adult individuals. 
Also as in Amia calva, there are several pore clusters on the skull roof corresponding 
to the supraorbital sensory canal. These pores conform a linear pattern that runs from 
the nasal into the frontal, running near the lateral edge of the latter; whether this 
canal penetrates into the parietal is hard to confirm. The canal then continues into the 
dermosphenotic, where it branches towards the infraorbital series to connect with the 
infraorbital sensory canal. Finally, it continues through the dermopterotic, extrascapular, 
and the lateral edge of the posttemporal.
At least one trough, running on the posterolateral part of the parietal and into 
the dermopterotic, is observable on the skull roof. This is termed middle pit-line trough 
(Grande and Bemis, 1998). In life, a row of closely spaced pit-line neuromasts would be 
situated along the floor of the trough, as happens in Amia calva (e.g., Jarvik, 1980).
The anteriormost bone of the skull roof is the nasal (n), which lies posterior to the 
rostral. The nasal is an elongated bone, slightly wider anteriorly than posteriorly. On its 
anterolateral margin, the nasal presents a notch that forms, together with the antorbital, 
the posterior edge of the foramen for the anterior narines. The nasal is located anterior 
to the frontal, but do not actually articulate with it; in life, both bones are separated by 
connective tissue in Amia calva, and probably in New taxon #1 as well. The left and right 
nasals are sutured to each other medially by means of an interdigitating suture. There 
are short, shallow, parallel grooves both on the anterior and on the posterior regions of 
the nasal. 
Posterior to the nasal is the frontal (fr). As in Amia calva, the frontal is the longest 
element of the skull roof, occupying almost a 40% of the head length in the largest 
specimen. The frontal is approximately twice as long as wide, with a sub-rectangular 
general shape. It is wider posteriorly, and tappers abruptly coinciding with the orbit. 
Anteriorly, the frontal has thin laminar projections that partially overlap the supramaxilla 
and, in turn, are overlapped by the nasal. The anterolateral margin is greatly excavated, 
and articulates with a series of supraorbital bones. The frontal has an irregular rather 
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than straight contour, indicating interdigitating sutures with the parietal, dermopterotic, 
and dermosphenotic. The frontal presents very few relatively shallow, parallel grooves 
running from the center of the bone towards the posterior and anterior margins.
Posterior to the frontal and medial to the dermopterotic is the parietal (pa). The 
shape of the parietal is highly variable, both among individuals and between the left 
and right sides of the same individual, depending on the curvature of the margins of 
articulation with other skull roof bones. In general, it is approximately as wide as long. 
The right and the left parietals are very similar in size. Medially (and probably anteriorly, 
but this cannot be confirmed because all the specimens show articulated skull roofs) the 
parietal has well-developed ventral laminar shelves that are overlain by the other-side 
parietal (and by the frontal anteriorly), conforming a very tight articulation. The margins 
are irregularly curved, forming interdigitating sutures with the other-side parietal 
medially, with the frontal anteriorly, and with the dermopterotic laterally. The posterior 
margin of the parietal is straight, and articulates with the extrascapular. The presence 
on the posterior edge of a foramen to a canal, present on other amiid species including 
Amia calva (Grande and Bemis, 1998, pp. 42), cannot be confirmed.
Lateral to the frontal is the dermosphenotic (dsp). This bone, which is actually 
part of the infraorbital series, is tightly sutured into the skull roof on New taxon #1, 
as is the common condition for amiid fishes, and is thus described in this section. The 
dermosphenotic is a small bone, slightly longer than wide. It exhibits a more or less 
curved anterolateral edge, which forms part of the margin of the orbit, and an irregular 
posteromedial edge to articulate with the frontal. The posterior margin is irregular as 
well, and articulates with the dermopterotic. The margin of the orbit is more excavated 
anterior to the dermosphenotic, even despite the presence of supraorbital bones. 
Posterolaterally, the dermosphenotic loosely articulates with the last infraorbital. In 
lateral view, and just posterior to the orbital margin, the dermosphenotic has a pore that 
might correspond to an opening for the infraorbital canal, as in Amia calva (Grande and 
Bemis, 1998, pp. 48). 
Posterior to the dermosphenotic and lateral to the posterior part of the frontal is 
the dermopterotic (dpt). The dermopterotic is longer than wide. It is wider posteriorly 
and tappers anteriorly, although there is individual variability in the difference of width 
between the posterior and the anterior parts. It has straight posterior and lateral edges, 
and the posterolateral corner is very slightly expanded and curved. The medial and, 
especially, the anterior edge are more sinuous, conforming interdigitating sutures with 
the dermosphenotic, frontal, and parietal. The dermopterotic is almost twice as long as 
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the parietal and slightly narrower. It presents very few shallow, parallel grooves running 
along its longitudinal axis. The presence of a ventral laminar process and the opening 
to the postotic sensory canal, which is the junction between the lateral line canal of 
the dermopterotic and the preopercular, typically observable in lateral view in amiid 
dermopterotics (e.g., Amia calva in Grande and Bemis, 1998, figs 17, 24), cannot be 
confirmed.
The posteriormost bone of the skull roof is the extrascapular (es). The extrascapular 
is sub-triangular in shape, and tappers medially. It is wider than long, with a straight 
anterior margin, and a posterior margin that tappers abruptly at the middle. The lateral 
margin is straight to slightly curved, and the medial margin is curved, not acute. The 
extrascapular has short, shallow, parallel grooves on its posterolateral region, difficult to 
see on some specimens.
Circumorbital bones —The infraorbital series of New taxon #1 is composed of 
eight bones. Only the second trough the seventh are typically termed infraorbitals, 
because the first is the antorbital, and the eigth is the dermosphenotic, which is tightly 
sutured into the skull roof. All the bones of the infraorbital series enclose the infraorbital 
sensory canal; this canal branches anteriorly at the antorbital and posteriorly at the 
dermosphenotic, in both cases towards the supraorbitary canal. For this reason, sensory 
canal pores can be seen on all of the infraorbital bones if the preservation is good enough.
The anteriormost bone of the infraorbital series is usually referred to as antorbital 
(ao). The antorbital is an elongate, slightly curved bone, wider on its middle. The antorbital 
articulates only loosely with the nasal of the skull roof; it does not contact the frontal 
posteriorly, but partially overlies the lateral ethmoid and the lacrimal. Anteriorly, the 
antorbital reaches very close to the rostral bone, yet it does not articulate with it. The 
anterior region of the antorbital has openings for the anteriormost part of the lateral line 
sensory system, which continues through the lateral wing of the rostral bone. Posteriorly, 
the antorbital articulates only loosely with the next element of the infraorbital series, 
the lacrimal.
The lacrimal (l), usually termed infraorbital 1 as well, is the bone that forms the 
anterior margin of the orbit. The shape of the lacrimal is variable in amiids (Grande 
and Bemis, 1998); in New taxon #1 the lacrimal is a flat bone, sub-triangular in shape, 
comprised between the maxilla and the skull roof, and reaching the premaxilla anteriorly. 
It is longer than deep. The lacrimal loosely articulates with and is partly overlapped by the 
antorbital. Posteriorly, it has a notch for the articulation with the next infraorbital bone. 
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 There are three infraorbitals (io2-4) forming the ventral margin of the orbit in New 
taxon #1. These infraorbitals at the ventral margin of the orbit are termed subinfraorbitals 
by Grande and Bemis (1998). Only two of these three bones are visible in the paratype 
MCCM LH16040b. These three infraorbitals are little more than ossified tubes. In adults, 
they are short bones, yet longer than deep, and subrectangular in shape. The first (io2) 
of them is slightly more expanded dorsoventrally than the other two. Their contour is 
irregular rather than straight. 
There are two infraorbitals (io5-6) constituting the posterior margin of the 
orbit in New taxon #1. These bones at the posterior margin of the orbit are termed 
postinfraorbitals by Grande and Bemis (1998). The shape and relative size of these 
infraorbitals is highly variable in amiid fishes (Grande and Bemis, 1998). For example, 
the infraorbitals 5-6 of New taxon #1 are much less developed than those of Amia 
calva (e.g., Grande and Bemis, 1998). Infraorbital 5 is not complete in the holotype. It is 
roughly ovoid in shape, higher posteriorly than anteriorly. Its surface is not as smooth as 
that of other dermal bones; it has short, shallow grooves on its margins, and is slightly 
depressed on the center. The infraorbitary sensory canal runs through the anterior part 
of the bone and penetrates into the next infraorbital. Infraorbital 6 is not completely 
preserved on the holotype either, and thus it is difficult to confirm its relative size in 
comparison to infraorbital 5, which is considered to be of phylogenetic interest (Grande 
and Bemis, 1998). In the paratype, only infraorbital 5 is preserved, but there is a very small 
displaced bone that might correspond to infraorbital 6, thus confirming a smaller size of 
the uppermost (io6) relative to the lowermost (io5) posterior infraorbitals. Nevertheless, 
this area of the paratype is not very well preserved, so nothing conclusive can be stated.
There are no suborbitals in New taxon #1. These bones, located posterior to the 
last infraorbitals when present, do not exist in any known species of the subfamilies 
Amiinae and Vidalamiinae either. In contrast, Solnhofenamia elongata and several 
Amiopsis species have one or more suborbitals (Grande and Bemis, 1998).
New taxon #1 has two supraorbital bones (su). They are short, yet longer than 
high, with irregular rather than straight margins. The supraorbitals are loosely attached 
to the lateral margin of the anterior part of the frontal, where the latter show a distinct 
facet forming the orbital margin. Both supraorbitals are arranged into a single row. 
Neither the holotype nor the paratype show clear remains of an ossified sclerotic 
ring. However, smaller specimens (e.g., MCCM LH 151Pa/b, 374Rb, 9576b, 11286) 
present a sclerotic ring (sr) that seems to be faintly ossified into two pieces (Fig 2.8).
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Figure 2.8. New taxon #1. A) Specimen MCCM LH 151Pa. B) Close-up of specimen from A showing 
sclerotic ring ossification. Scale bar equals 2 cm.
Upper jaw—The upper jaw of New taxon #1 consists of a premaxilla, a maxilla, 
and a supramaxilla. The anteriormost element is the premaxilla (pmx). The oral 
border of the premaxilla, where the teeth are implanted, is thick, robust, and concave, 
articulating with its counterpart medially. Dorsally and posteriorly the premaxilla has 
a thin expansion, the nasal process of the premaxilla. This expansion seems to extend 
back to the anterior edge of the frontal. The nasal process has a middle opening that 
extends forwards including the foramen defined by the anterolateral margin of the nasal 
and the antorbital for the anterior nares. The premaxilla is overlapped by the nasal, the 
antorbital, and the rostral bone, with which it is not articulated. In turn, the premaxilla 
posteriorly covers the anterior part of the vomer, whose teeth are just posterior to, and 
in functional continuity with, those of the premaxilla. Posterolaterally, the premaxilla 
loosely articulates with the maxilla. The premaxilla bears a single row of teeth that are 
large and slightly curved towards the oral cavity. They are sharply pointed and have a 
carinate (keeled) acrodin cap. There are usually eight teeth on each premaxilla, all of 
them approximately of the same size.
The maxilla (mx) seems to articulate only loosely with the rest of the skull, as in 
Amia calva, where it rotates around the axis of a peg-like anterior process which fits into 
a socket formed by the vomer, premaxilla, and preethmoid (Grande and Bemis, 1998). 
The premaxillary process of the maxilla is thin and ellipsoidal in section. The posterior 
expansion of the maxilla is much higher and flatter. The maxilla bears a single row of 
teeth as well, which extends back to over three quarters of the length of the maxilla. 
They are smaller than those of the premaxilla, and become much smaller posteriorly. 
The largest teeth are slightly curved towards the oral cavity. Each maxilla has around 25 
teeth; according to Grande and Bemis (1998), the number of maxillary teeth increases 
throughout the life of the fish, at least in Amia calva, a condition that, based on the 
specimens available, seems to occur as well in New taxon #1. The teeth are sharply 
pointed, and have keeled acrodin tips. The anterior dorsal margin of the maxilla is 
slightly excavated; when the mouth is closed, the lacrimal and, at least, the infraorbital 
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2 fit into this depression. Posteriorly, the dorsal edge of the maxilla is also excavated 
to lodge the supramaxilla; this excavation, best observed in the paratype specimen, is 
termed supramaxillary notch. The supramaxilla is tightly sutured to this excavation. The 
posterior edge of the maxilla is concave, forming the posterior maxillary notch, which 
seems not to be greatly developed in New taxon #1; this notch is not clearly observed 
in the holotype specimen, because this region of the maxilla is not well preserved. The 
lateral surface of the maxilla is moderately smooth, presenting very shallow grooves on 
its posterior part.
The supramaxilla (smx) articulates with the maxilla right posterior to the 
supramaxillary notch. This bone is thin, elongate, and relatively low. It is almost as long 
as half of the length of the maxilla. Its lateral surface is smooth.
Lower jaw—Up to date, no specimen has been found showing a medial view of 
a complete lower jaw; only the anteriormost part of the right dentary and coronoids are 
visible on specimens preserved on their left side, and vice versa.  As a consequence, only 
the presence of the following paired bones can be confirmed: dentary, at least three 
coronoids, angular, supraangular, articular (apparently formed by two fused elements, 
as commented later on), and a retroarticular.
On their lateral surface, both the dentary and the angular show relatively 
large pores corresponding to the mandibular sensory canal. This canal seems to turn 
upwards on the posterior part of the angular, approximately towards the ventral end of 
the preopercular, suggesting a possible connection through the skin with the sensory 
canal running through the latter. In Amia calva this connection exists and is termed the 
preopercular-mandibular canal (Grande and Bemis, 1998).
The anteriormost bone of the lower jaw is the dentary (d). The dentary is the 
largest element of the lower jaw. It bears a single row of approximately 15 teeth, which 
are the largest in the lower jaw. They are slightly curved towards the oral cavity, and not 
completely round in cross-section but rather slightly compressed labiolingually. They have 
an acrodin cap that is strongly carinate or keeled. In lateral view, the dentary is deepest 
posteriorly and tapers anteriorly. The anterior part of the dentary is curved medially, to 
meet its counterpart forming a slightly rounded symphyseal region. The anterior part 
of the ventral margin of the bone is slightly concave. The dorsal margin is expanded 
posterior to the last tooth; this expansion, the coronoid process, is subtriangular in 
shape, and its posterior margin articulates with the supraangular bone. The posterior 
margin of the dentary is deeply notched in its articulation with the angular. In lateral 
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Table 2.5. Meristic characters for a growth series of New taxon #1: head region. SL = standard length; 
L = left; R = right.
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view, the dentary is fairly smooth, presenting very shallow longitudinal grooves. The 
most pronounced structure on the surface of the dentary is the series of pores of the 
mandibular sensory canal, which runs ventrally on the anterior part of the dentary, then 
through the lower half of its lateral surface describing a soft curve, and then very close 
to the ventral surface of the bone posteriorly. In medial view, the dentary has a thin bony 
shelf where the coronoids are lodged. This bony shelf is actually the upper part of the 
meckelian groove, which harbors Meckel’s cartilage.
Posterior to the dentary is the angular (ang). The angular is a thick bone, 
approximately half as long as the dentary, and as high as the middle part of the dentary. 
The ornamentation on the lateral surface of the angular is usually more pronounced 
than that of the dentary, with somewhat deeper grooves. A thin anterior projection of 
the angular articulates with the posterior notch of the dentary; another projection on 
the ventral surface of the angular also articulates with the dentary, so the articulation 
is V-shaped. The mandibular sensory canal continues from the dentary through the 
ventrolateral part of the angular. Posteriorly, the canal turns upwards and runs very close 
to the posterior margin of the angular. It exits the bone through its dorsal margin, where 
a large opening (mcnf) serves as the connection point with the sensory canal of the 
preopercular through the skin. The posterior margin of the angular is curved and ventrally 
notched. Its dorsal margin is fairly straight, and articulates with the supraangular.
The supraangular (sag) is smaller than the dentary and the angular. It articulates 
with the posterior edge of the dorsal expansion of the dentary and the dorsal margin 
of the angular. It constitutes the highest point of the lower jaw and of the coronoid 
process, providing the posterior part of the lower jaw with a roughly triangular shape. 
The supraangular has a smooth lateral surface, devoid of ornamentation. 
There are, at least, three coronoid bones (co) on the inner side of the lower 
jaw. The coronoids are disposed in line and articulate with each other by means of 
interdigitating anterior and posterior margins. The posteriormost coronoid is the one 
articulating with the anterior margin of the prearticular, but this bone is not observable in 
any of the known specimens of New taxon #1. The coronoids are short bones constituted 
by a bony base and numerous teeth; each coronoid presents 20 to 30 teeth. These teeth 
are irregularly arranged in three or four series. The teeth are conical and slightly curved 
towards the oral cavity. They have a sharply pointed acrodin cap that is keeled. The teeth 
on the coronoids are smaller than those on the dentary, but are located nearly at the 
same level on the lower jaw.
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Among the bones that usually ossify from Meckel’s cartilage, only the retroarticular 
and the articular are observable on the specimens of New taxon #1.
The articular (ar) is only observable in the paratype, and is slightly broken, so 
that it is difficult to confirm whether it is a single bone or two different elements fused 
together. The presence of a very thin line that could be a suture, and the different 
directions of the anterior and posterior parts suggest the latter option as more probable. 
So, it is interpreted that the articular is apparently formed by the fusion of an anterior 
plus a posterior element. The articular forms the so-called double jaw articulation 
with the quadrate and the symplectic, which is a traditional diagnostic character for 
halecomorph fishes; the anterior part of the articular bone articulates with the condyle 
of the quadrate, whereas the posterior part of the articular bone articulates with the 
socket-like ventral end of the symplectic (Fig 2.9). Overall, the articular is small and 
convex; its anterior part is located between the angular and the prearticular (which is 
actually not visible in any specimen), and is anterolaterally directed. The posterior part 
of the articular bone articulates with the medial surface of the posterodorsal corner of 
the angular. The articular is visible in lateral view through the posterior corner of the 
articulation between the angular and supraangular. An articular formed by two elements 
tightly sutured to each other constitutes an important phylogenetic character according 
to Grande and Bemis (1998).
Figure 2.9. New taxon #1. Close-up of jaw articulation from specimen MCCM LH 16040b (paratype) 
slightly coated with ammonium chloride showing both the quadrate and the symplectic articulating 
with a single articular element. Scale bar equals 5 mm. Abbreviations on pp. 70.
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The retroarticular (rar) is the posteriormost bone of the lower jaw. The 
retroarticular articulates with the posteroventral corner of the medial surface of the 
angular. In lateral view, it is visible through the posteroventral notch of the angular. 
The retroarticular is a small rounded bone that is dorsally concave and has a small 
dorsal expansion on its medial surface, creating a sort of a hemispheric fossa. In Amia 
calva, this fossa serves as the surface of attachment for the large hyomandibular and 
interoperculomandibular ligaments (Grande and Bemis, 1998).
Palate— The palatal complex of amiid fishes includes one unpaired bone, the 
parasphenoid, and numerous paired bones. Among them, the autopalatine cannot be 
seen in any known specimen of New taxon #1, probably because it is placed in a deep 
plane and laterally overlapped by the large lacrimal. The presence of parasphenoid, 
vomer, two dermopalatines, ectopteryogid, endopterygoid, and metapterygoid can 
be confirmed. None of these bones can be described in detail, because they are only 
partially visible; they are never observable in ventral or medial view, where most of their 
important characteristics are, nor are they usually completely visible in lateral view.
The parasphenoid (pas) is observable in lateral view crossing the orbit of most 
of the specimens, but this view does not provide much morphological information. It 
extends, at least, from almost the anterior margin of the orbit to the hyomandibula. The 
tooth patch of the parasphenoid extends a long way anteriorly, almost to the articulation 
with the vomers (Fig 2.10). Posteriorly, the tooth patch extends into the ascending rami 
of the parasphenoid. This patch is formed by hundreds of small and pointed teeth.
The vomer (vo) is relatively long. It extends from the premaxilla to posterior to 
the anterior margin of the orbit. The articulation between the parasphenoid and the 
vomers is by means of a tight interdigitating suture. 
The anterior dermopalatine (dpla) is a short, low bone located medial to the 
anterior part of the maxilla. It probably articulates with the vomer, as in other amiids, 
but this cannot be confirmed. It articulates posteriorly with the posterior dermopalatine 
by means of an interdigitating suture. It bears a row of very few, large, curved teeth 
(at least three or four are observable). These teeth are larger than those of the maxilla 
and coronoids, but smaller than those of the premaxilla and dentary. They have a small 
acrodin cap that is keeled, but not as strongly as those of the dentary, coronoids, and 
premaxilla. The presence on this bone of more teeth medial to the row of large teeth 
cannot be confirmed, although in the paratype specimen there seems to be at least one 
smaller tooth medial to the large teeth.
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Figure 2.10. New taxon #1. A-B) Close-up of orbit from specimen MCCM LH 16040b (paratype) slightly 
coated with ammonium chloride showing the parasphenoid tooth patch. Scale bar equals 1 cm. 
Abbreviations on pp. 70.
The posterior dermopalatine (dplp) is approximately as long as the anterior 
one. It is also a low bone, and is located between the anterior dermopalatine and the 
ectopterygoid, with which it also articulates by means of an interdigitating suture; the 
large teeth of these three bones form a medial row continuous to that of the maxilla. The 
teeth of the posterior dermopalatine are as large, or even slightly larger, than those of 
the anterior dermopalatine, and very similar in shape. They are very few in number (two 
to three are distinguishable). 
The ectopterygoid (ecp) is a long bone, reaching the level of posterior end of 
the maxilla. In lateral view, it is a thin, tube-like bone, slightly higher anteriorly, and 
with a long, low, triangular posterodorsal expansion. It bears, at least, a row of teeth (at 
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least four or five are visible) whose size decreases from anterior to posterior, smaller 
than those of the dermopalatines. As in the anterior dermopalatine, the occurrence of 
additional, smaller, medial teeth, present in other amiids, cannot be confirmed.
The endopterygoid (enp) is a flat, relatively large bone. Its anterior margin, 
supposedly articulating with the autopalatine and dermopalatine, is largely covered 
laterally by the lacrimal and infraorbitals 2-4. Laterally it articulates with the dorsomedial 
margin of the ectopterygoid, and extends inwards to the parasphenoid. Its posterior 
margin is sutured to the anterior margin of the metapterygoid. 
The metapterygoid (mpt) is the posteriormost element of the palatal complex. 
The metapterygoid is a chondral bone that ossifies within the palatoquadrate cartilage 
(in addition to the quadrate and the autopalatine; Jollie, 1984). This region of the skull, 
which usually is partially overlaid by the infraorbital series, is best seen on the paratype 
specimen. The metapterygoid is a relatively large, flat bone. Its dorsal margin is deeply 
notched, bearing a laterally pointed middle process. In life, this notch is crossed by the 
trigeminal nerve in Amia calva (Grande and Bemis, 1998). The anterior, ventral, and 
posterior margins of the bone form a more or less continuous curve; the anterodorsal 
and posterodorsal expansions that form the notch are sub-triangular in shape. The 
metapterygoid is tightly articulated to the endopteryogoid and ectopterygoid anteriorly. 
Posteriorly, it partially overlaps the hyomandibula, and ventrally it is tightly aarticulated 
to the quadrate. 
Teeth—To sum up, the large teeth of the jaws and palatal bones are not completely 
conical, but rather labiolingually compressed, especially those of the dentaries. The 
teeth are sharply pointed, with an acrodin cap usually preserved, either articulated or 
disarticulated. This cap is keeled in most of the teeth, especially in those of the dentary, 
coronoids, and premaxilla (Fig 2.11). The largest teeth are on the dentary and premaxilla. 
The large teeth have long, hollow shafts as in all other amiids (Grande and Bemis, 1998). 
There are patches of very numerous little teeth (shagreen) on several palatal bones; 
these tiny teeth are conical and pointed.
Hyoid arch—In addition to the palatal bones discussed above, the hyomandibular, 
the quadrate, and the symplectic also contribute to the suspensorium. As for the 
metapterygoid, these bones are best seen in the paratype specimen, but also on the 
counterslab of the holotype, especially the hyomandibular (Fig 2.12). The hyomandibular 
and the symplectic are part of the hyoid arch, which also includes the anterior and 
posterior ceratohyal, the hypohyal, and the basihyal; the last two are not visible in any 
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known specimen of New taxon #1.
Figure 2.11. New taxon #1. Close-up of mouth opening from specimen MCCM LH 16040b (paratype) 
slightly coated with ammonium chloride showing keeled teeth. Scale bar equals 5 mm.
Figure 2.12. New taxon #1. Specimen MCCM LH 9645b (holotype). Scale bar equals 5 cm.
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The hyomandibular (h) is a large bone located posterior and dorsal to the 
metapterygoid. The hyomandibular is not tightly sutured to the metapterygoid, but rather 
is overlapped by its posterodorsal margin, as happens in relatively small specimens of 
Amia calva (Grande and Bemis, 1998). Dorsally, it reaches the level of the ventrolateral 
surface of the dermopterotic; in the extant Amia calva, the hyomandibular articulates 
with the autopterotic cartilage into a groove under the dermopterotic, thus suspending 
the jaws from the braincase (Grande and Bemis, 1998). The dorsal margin is the longest 
part of the hyomandibular; the bone tapers in the middle, and then becomes slightly 
longer again ventrally, giving it the shape of a hatchet. Posteriorly, the hyomandibular 
has a little expansion near the dorsal margin that extends backwards to the opercular, 
with which it articulates. Ventrally, the hyomandibular reaches the quadrate. Close 
to the center of the bone there is a large foramen plus a groove for passage of the 
hyomandibular trunk nerves (Grande and Bemis, 1998) that are visible both on the 
lateral and on the medial surfaces of the bone. Around this foramen plus groove, the 
hyomandibular has a Y-shaped prominent ridge on its lateral surface. In lateral view, the 
hyomandibular is partly covered by the preopercular.
The quadrate (q) is part of the double jaw articulation by contacting ventrally 
with the anterior part of the articular bone of the lower jaw. The quadrate is a laterally 
flat bone with a ventral, convex, laterally directed process, which is the articular surface 
for the jaw articulation. Overall, the quadrate has a sub-triangular shape with rounded 
corners. Anteriorly, the quadrate is sutured with the metapterygoid; whether it articulates 
with the ectopterygoid as well, as happens in Amia calva (Grande and Bemis, 1998), 
cannot be confirmed, because the anteroventral margin of the quadrate is overlapped 
by the supraangular. The posteroventral margin of the quadrate has a slightly convex 
edge, which continues the ventral articular process, and which is in contact with the 
anteroventral margin of the preopercular. The quadrate does not contact the symplectic, 
at least as far as can be seen in the known specimens.
The symplectic (sym) cannot be described in much detail. In lateral view it is 
almost completely overlaid by the preopercular, except for its ventralmost part. This 
ventral part is rounded and has several thin lobe-like expansions, which form a slightly 
concave surface for articulation with the posterior part of the articular bone of the lower 
jaw.
The anterior ceratohyal (cha) is visible in the paratype specimen, whereas the 
presence of the posterior ceratohyal is more difficult to confirm. The anterior ceratohyal 
can be observed in several smaller individuals (e.g., MCCM LH 023, 085R, 374Rb, 9576, 
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16257a, 17274a) as well. The anterior ceratohyal is a long bone with a slightly expanded 
anterior end and that gets gradually wider posteriorly. Its posterior margin is straight. 
The branchiostegal rays articulate with its lateral surface. 
Opercular series, branchiostegal rays, and gular—The opercular series is 
composed by the opercular, subopercular, and interopercular bones plus the long 
preopercular, which lies anterior to them. The branchiostegal rays are located ventral 
to the opercular series, and the large gular plate, which is an unpaired bone, is located 
anterior to the branchiostegals. The opercular, subopercular and interopercular bones 
are not well preserved in lateral view in any of the large specimens, but they are preserved 
in medial view in the counterslab of the holotype, and their medial imprint is also visible 
on the paratype specimen. For this reason, the ornamentation of these bones, which 
is usually fairly developed in other amiids, cannot be confirmed. However, the smooth 
branchiostegals, together with a comparatively faint ornamentation on the rest of the 
dermal skull bones of New taxon #1, suggest that the bones of the opercular series were 
probably faintly ornamented as well.
The preopercular (pop) is a long, narrow, crescent-shaped bone. It is relatively 
constant in width, with only the ventral and especially the dorsal ends being 
slightly narrower. Anteriorly it overlies the symplectic and the posterior part of the 
hyomandibular, and is in contact with the posterior margin of the quadrate. Its dorsal 
end contacts the dermopterotic; through this point, the supratemporal sensory canal 
and the preopercular canal are connected. The preopercular sensory canal runs along 
the entire length of this bone, and several lateral line pores can be seen on its posterior 
edge. Ventrally the preopercular reaches the level of the angular bone of the lower jaw, 
and the preopercular canal is continuous with the mandibular canal. In medial view 
(observable in the counterslab of the holotype specimen) the preopercular has a long 
ridge that serves for the insertion of the anterior edges of the opercular, subopercular, 
and interopercular, which lie posterior to it. The preopercular is smooth, except on its 
dorsalmost part, where it bears several short but relatively deep, parallel grooves, and a 
long groove running on the anterior part of its lateral surface.
The opercular (op) is approximately as wide as it is high, the widest part being 
at the ventral margin of the bone. The dorsal and posterior edges of the opercular bone 
form a continuous curve, whereas the anterior and ventral margins are straight, forming 
a slightly acute angle. The opercular facet of the opercular, which articulates with the 
posterior process of the hyomandibula, is small, and is located close to the anterodorsal 
corner of the bone. Ventral to the opercular is the subopercular.
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The subopercular (sop) is as long as the opercular, but much lower. The 
anterodorsal process of the subopercular lies anterior to the opercular, because, in 
contrast to the usual condition in amiids, the opercular does not have an anteroventral 
notch for it to fit into. The dorsal and ventral edges of the subopercular, which articulate 
with the opercular and interopercular, respectively, are straight and near parallel to each 
other. The anterior edge, which articulates with the preopercular, is only slightly curved, 
and forms a rounded anteroventral corner. The posterior edge is curved, and articulates 
with the lateral surface of the last branchiostegal ray.
Ventral to the subopercular is the interopercular (iop). The interopercular is a 
smaller bone, subtriangular in shape. Its anterior edge, which also articulates with the 
preopercular, is straight. Its posterior edge, longer than the anterior, is slightly convex, 
and makes an acute, rounded ventral corner. Its dorsal edge, which articulates with the 
ventral margin of the subopercular, is rather straight. It articulates ventrally with the last 
brachiostegal ray.
There are usually 11-12 branchiostegal rays (br) in New taxon #1, including the 
last or dorsalmost one, termed branchiopercular (bop) by Grande and Bemis (1998). 
In general, the branchiostegal rays are elongated, slightly curved bones that form a 
series that extends from the ventral part of the skull, between the lower jaws, into its 
posterolateral side, the last one articulating with the subopercular and interopercular 
bones. The anteriormost branchiostegal rays are smaller, and they become progressively 
longer and larger towards the end of the series. The last branchiostegal ray is, thus, 
the longest and largest one; it is greatly expanded. Anteriorly, the branchiostegal rays 
are thin, almost tube-like in shape, and they get flatter and more expanded posteriorly, 
except the last and largest branchiostegals, which are subtriangular anteriorly. In lateral 
view, there is a shallow depression or groove in this transition from thinner to more 
expanded. The anterior end of the branchiostegal rays is not visible in the holotype; in 
the paratype, they seem to articulate with a flat, relatively broad bone which would be 
the anterior and/or posterior ceratohyal. Anterior to the first, ventralmost branchiostegal 
rays is the gular plate.
The gular (g), or gular plate, is a median bone that covers the bucco-pharyngeal 
cavity of the skull ventrally between the two rami of the lower jaw. It is a very flat and 
broad bone. The gular plate is not entirely observable in any of the large specimens of 
New taxon #1. However, as far as can be seen, it is ovoid in shape, with curved posterior 
and lateral margins, and tapers anteriorly. Annular concentric marks can be seen on 
its ventral and/or dorsal surface. In smaller specimens (e.g., MCCM LH 151Pa, 374Rb, 
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17274a) the gular plate is entirely visible; in the smallest ones, it has a straighter posterior 
margin (Fig 2.13), that becomes more curved as the fish grows.
Figure 2.13. New taxon #1. A) Skull from specimen MCCM LH 151Pa. B) Close-up of specimen from A 
showing the gular plate. Notice the annular concentric marks. Scale bar equals 1 cm.
Branchial arches—The branchial arches complex of amiids, as for all other 
actinopterygians, is constituted by numerous bones, several of which have attached 
patches of pointed teeth. Unfortunately, this complex is never accurately preserved in 
fossils. It is almost completely unknown in New taxon #1, either because it is missing 
(not preserved) or, most likely, because it is covered by other skull bones. In the paratype 
specimen there are a few tooth patches that would be attached to bones of the branchial 
arches. They have around three to ten very thin and pointed teeth, approximately the 
same size of those of the tooth patch of the parasphenoid.
Lateral line trunk system—The main sensory canals of New taxon #1 are 
illustrated in Figure 2.14. For a review of the literature dealing with the innervation and 
development of the sensory canals of Amia calva for comparison, see Grande and Bemis 
(1998, pp. 50-51). The dermal bones comprising the sensory canals of the head are 
among the first to ossify, and they do as delicate, thin tubes around the canals (Fig 2.15). 
This is clearly visible in some of the smallest specimens, such as MCCM LH 15783a/b (13 
mm SL) or MCCM LH 32244a/b (15.5 mm SL).
The lateral line system continues posteriorly, connecting with the lateral 
line along the trunk. Posterior to the extrascapulars, the sensory canals run through 
the posttemporals and the upper part of the supracleithra, as in Amia calva (Grande 
and Bemis, 1998, pp. 53). In the holotype, the lateral line runs just above the neural 
arches of the vertebrae; in this specimen, approximately equally spaced marks have 
been preserved, which can be tracked backwards at least to the ninth preural caudal 
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autocentrum (as used in Grande and Bemis, 1998). In Amia calva, there is a very thin 
ossification, located between two of the largest caudal fin rays, which corresponds to a 
caudal extension of the lateral line canal (lloc; e.g., Grande and Bemis, 1998, figs 81-82). 
In the holotype of New taxon #1 there is a thin, tube-like ossification located between 
the fourth and fifth hypaxial caudal fin rays that might also correspond to the caudal 
extension of the lateral line canal. 
Figure 2.14. New taxon #1. Skeletal reconstruction of specimen MCCM LH 9645a (holotype) showing 
the main sensory canals. Scale bar equals 5 cm.
Figure 2.15. New taxon #1. A) Specimen MCCM LH 15783a. B) Close-up of specimen from A showing 
early ossification of dermal bones comprising sensory canals, as pointed by arrows. Scale bar equals 
1 cm.
AXIAL SKELETON
Figure 2.16 shows the division of the axial skeleton of New taxon #1 in different 
regions. The numbers of vertebral elements are given in Tables 2.6-2.7.
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Figure 2.16. New taxon #1. Axial skeleton of specimen MCCM LH 9645a (holotype). Scale bar equals 5 
cm. Abbreviations on pp. 70.
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Vertebrae—The autocentra of New taxon #1 are solid, perichordally ossified, 
and amphicoelous, that is, concave both anteriorly and posteriorly. A small opening 
for the notochordal canal remains in each autocentrum even in the largest specimens. 
The autocentra are approximately rounded in contour in anterior/posterior view and 
higher than long. All the autocentra have two or three deep excavations, termed lateral 
oval fossae, on each side of their lateral surface. Additionally, they can have smaller 
fossae, either circular or elongated in shape. New taxon #1 has several diplospondylous 
vertebrae, both the normal and the alternating type. There are no epineurals or 
epipleurals in New taxon #1, as happens in all other known amiid species. The vertebrae 
of all large specimens of New taxon #1 are only observable in lateral view, or slightly 
tilted, which allows to confirm their rounded contour, but do not allow the dorsal and 
ventral views to be described in great detail.
Abdominal region—New taxon #1 usually presents 18-21 abdominal autocentra. 
The anterior few (two or three) abdominal autocentra are lower than the rest. The first 
one or two vertebrae are covered by the skull bones. In addition to them, the abdominal 
vertebrae bear well-developed ribs (r), which are curved, broader on their proximal end 
than they are on their distal end. The distal tips of the ribs are pointed. The abdominal 
vertebrae lack ossified parapophyses. The ribs seem to articulate more laterally and 
anteriorly on the anteriormost autocentra, and gradually move to a more ventral and 
posterior position on the more posterior abdominal autocentra. The last ribs also become 
gradually slightly smaller, the last pair being the smallest, although they are not extremely 
smaller, and have the same narrow shape than the rest. The last abdominal autocentrum 
lacks ribs. All the abdominal vertebrae of New taxon #1 have neural arches (na). There 
are no median spines on the abdominal autocentra of New taxon #1, since the right and 
left neural arches do not fuse to each other distally, but develop into paired spine-like 
structures (nsp), as happens in Amia calva (Grande and Bemis, 1998). The neural arches 
have pointed distal tips and proximal ends or bases that are expanded and lie dorsal to 
the posterior half of the autocentrum, even overlying part of the next autocentrum, 
especially the posteriormost ones. The neural arches of the first abdominal vertebrae are 
shorter and slightly flattened in the sagittal plane. Associated with the first neural arches 
is a series of supraneurals (sn). Supraneurals are long, thin bones flattened in the sagittal 
plane located slightly dorsal to the first neural arches, sometimes inserting between two 
consecutive neural arches, except the first one, which is shorter and articulates with its 
corresponding neural arch. Some variability in the number of supraneurals is observable 
in New taxon #1, with 13-15, usually 14, supraneurals present, the first one just posterior 
to the skull and the last ones lying ventral to the anteriormost axonosts of the dorsal fin.
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39 (48) 32 (41) 22 (7) 19 (11) 9 5 (4)
Table 2.6. Meristic characters for a growth series of New taxon #1: vertebrae and autocentra. SL = 
standard length.
































































































13 12 3 35 3 11
Table 2.7. Meristic characters for a growth series of New taxon #1: vertebral elements associated with 
autocentra. SL = standard length.
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Preural caudal region—The preural caudal region begins with a vertebra bearing 
haemal arches. New taxon #1 usually presents 23-25 preural caudal autocentra. This 
region contains all of the diplospondylous vertebrae in New taxon #1. In summary, 
diplospondyly consists on the duplication of the number of autocentra for each body 
segment or myoseptum, presumably to increase flexibility in the posterior part of 
the body (Schaeffer, 1967). In this sense, monospondylous vertebrae have one only 
autocentrum, which usually has several paired arcualia: basidorsals, interdorsals, 
basiventrals, and sometimes also interventrals. Interdorsals and interventrals never ossify 
in Amiiformes. The basidorsals contribute to the development of ossified neural arches, 
and the basiventrals contribute to the development of ossified parapophyses, haemal 
arches and hypurals (Schultze and Arratia, 1986). Diplospondylous vertebrae have two 
autocentra, an anterior autocentrum termed precentrum and a posterior autocentrum 
termed postcentrum. The number of the paired arcualia that are usually associated with 
an autocentrum, however, are not doubled in diplospondylous vertebrae. In this case, 
the precentra are typically associated with the interdorsals and interventrals, whereas 
the postcentra are associated with the basidorsals and basiventrals (Grande and Bemis, 
1998). This condition is called normal diplospondyly. Alternating diplospondyly occurs 
when some autocentra are associated with a basidorsal and an interventral and others 
with an interdorsal and a basiventral (Wenz, 1977). In practice, in fossils a normal 
diplospondylous vertebra is composed by a precentrum without associated ossified 
structures plus a postcentrum bearing a pair of neural arches and a pair of haemal 
arches (or a hypural); in turn, an alternating diplospondylous vertebra is composed by 
an autocentrum bearing only a pair of neural arches and an autocentrum bearing only a 
pair of haemal arches.
The preural caudal region of New taxon #1 is usually composed by three 
monospondylous vertebrae anteriorly and becomes diplospondylous only more 
posteriorly. The first diplospondylous vertebrae are of the normal type; posteriorly, 
there is a shift to alternating diplospondyly, which affects only three or four vertebrae 
(vertebrae 28-31 in the holotype specimen). Finally, the last vertebra or pair of vertebrae 
of the preural caudal region are of the normal diplospondyly type again. As is not 
uncommon in Amia calva (Grande and Bemis, 1998), the diplospondylous region of 
the vertebral column of New taxon #1 can pose problems for counting the number of 
autocentra due to fusions of autocentra. These fusions can frequently be identified by 
the presence of more than one set of associated elements on an autocentrum. Ventrally, 
the anteriormost vertebrae of the preural caudal region (the three first in the case of the 
holotype, and at least two in the paratype) bear short paired haemal arches (ha) that 
do not fuse to each other distally to form median haemal spines. Instead, these short 
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anterior haemal arches articulate with long, spine-like median bones termed infrahaemals 
(ihm), which are also present in the extant Amia calva. The next preural caudal vertebrae 
bear haemal arches that do fuse distally to each other to form median haemal spines. 
Both the infrahaemals and the haemal spines are approximately the same length, much 
longer than the abdominal ribs, and both are thin bones with pointed distal tips. The 
last few haemal spines are involved in the support of the caudal fin forming the caudal 
endoskeleton. These last haemal spines gradually become flatter distally, acquiring a 
hypural-like shape. The last one is called the parhypural (phy). The parhypural is the last 
haemal arch that encloses the caudal artery (that is, the last pair of haemal arches that 
form a canal for the passage of the caudal artery); posterior to it, the caudal vessels fork 
and continue posteriorly lateral to each side of the hypurals (Grande and Bemis, 1998). 
Dorsally, the vertebrae of the preural caudal region bear a pair of neural arches that form 
neural spines distally. The neural arches of the first three or four vertebrae do not fuse 
distally, and thus they form paired neural spines, like those of the abdominal region. The 
neural arches of the rest of the preural caudal vertebrae do fuse to each other distally, 
forming median neural spines (nsm). Both the paired and the median neural spines of 
the preural caudal region are approximately the same length; they are also the same 
length than those of the abdominal region and, as the latter, they have pointed distal 
tips.
Ural region—The ural caudal region of the vertebral column comprises the 





Pectoral girdle and fin—The pectoral girdle of amiids is composed by numerous 
paired bones. As Grande and Bemis (1998) show, not all of these elements actually ossify 
in every species. The dorsalmost element of the pectoral girdle of New taxon #1 is the 
posttemporal (pt). The anterior edge of the posttemporal is overlaid by the posterior 
part of the extrascauplar, the posteriormost bone of the skull roof. The posttemporal 
is triangular in shape, with straight margins forming rounded corners (Fig 2.6). The 
anterior margin of the bone, which is disposed perpendicular to the longitudinal axis of 
the body, is as long as, or slightly longer than, its lateral margin, which is parallel to the 
longitudinal axis of the body. Its medial surface is covered by the anteriormost dorsal 
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scales, which are inserted between the posteromedial margin of the extrascapular and 
the anteromedial margin of the posttemporal. The dorsal surface of the posttemporal 
is irregularly ornamented with shallow grooves. There are also pores of the lateral line 
sensorial system that enters coming from the extrascapular and running diagonally 
through the posttemporal towards its posterolateral corner, where the bone connects 
with the supracleithrum. The latter is not observable in ventral view in any of the 
large specimens; however, one of the juvenile specimens (MCCM LH 17274a) shows a 
posttemporal with a ventral rod-like process possibly for articulation with the intercalar 
bone of the braincase (Fig 2.17), as happens in Amia calva (Grande and Bemis, 1998: fig 36) 
Figure 2.17. New taxon #1. A) Specimen MCCM LH 17274a. B) Close-up of specimen from A showing 
ventral rod-like process, possibly for articulation with the intercalar bone of the braincase. Scale bar 
equals 1 cm.
The supracleithrum (scl) is placed ventral to the posstemporal (Fig 2.6). The 
supracleithrum is a realtaively large, flat bone mostly covered by the operculum in 
lateral view. Its posterior margin is convex, with a more or less developed posterodorsal 
expansion. It is smooth, but it has a couple of large pores of the lateral line sensory 
system on its dorsal margin. The canal exits the bone posteriorly, connecting with the 
lateral line body system. Ventrally, the supracleithrum articulates with the cleithrum 
anteriorly, and with the postcleithrum posteriorly, overlying them. 
The postcleithrum (pcl) is much smaller than the supracleithrum and the 
cleithrum (Fig 2.6). It is partially covered by the supracleithrum dorsally and by the 
cleithrum ventrally. The visible lateral surface of this bone is smooth; it is higher than 
long, and its posterior margin is convexly rounded. 
The cleithrum (cl) is, as usual, the largest bone of the pectoral girdle (partially 
covered by the branchiostegal rays in Fig 2.6). This bone is composed by an anterior 
pointing arm and a dorsal pointing arm. The dorsal arm is shorter than the anterior arm; 
it overlies the anterior part of the postcleithrum and articulates with the ventral part 
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of the supracleithrum. It is partially covered by the operculum laterally. The end of this 
arm is a thick, tube-like expansion. The posterior margin of the bone, where both the 
anterior and the dorsal arms are joined, is convexly rounded, depicting a continuous 
curve. This posterior expansion of the bone is very thin, and it is smooth in lateral view, 
in contrast to the condition in amiines. The anterior arm is not clearly visible in any of the 
large specimens. Smaller specimens show a very thick edge, almost circular in section 
anterior, with a groove right posterior to it. This anterior edge also makes a continuous 
curve, approximately parallel to the posterior edge, so that the bone has an almost 
constant wideness. The anterior end of this arm is slightly expanded and forms an acute 
angle. The clavicle elements are not visible in any of the known specimens. According 
to Grande and Bemis (1998), these elements are not normally visible in well-articulated 
skulls, because they lie between the anterior arm of the cleithrum and bones of the 
opercular series. They do not tightly articulate with the cleithrum either, and thus they 
disarticulate easily.
There are also several chondral elements in the pectoral girdle of amiids. The 
scapulocoracoid complex it is not visible in any of the known specimens, so it seems 
not to be ossified in New taxon #1, as is often the case in other amiid species. The only 
exception is a juvenile individual (MCCM LH 374Ra/b), which has a small ossification 
apparently articulating both with the cleithrum and the radial elements of the pectoral 
fin that might be the scapulocoracoid (Fig 2.18); this part of the specimen is, however, 
not very well preserved, so nothing conclusive can be really said. Nonetheless, the 
scapulocoracoid complex might be covered by the cleithrum in most specimens, since 
it articulates on the medial surface of the latter. According to Grande and Bemis (1998), 
the scapulocoracoid complex does not ossify in Amia calva until very late in ontogeny.
Figure 2.18. New taxon #1. A) Specimen MCCM LH 374Ra. B) Close-up of specimen from A showing a 
probable scapulocoracoid ossification. Scale bar equals 2 cm.
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Specimen #
(SL)
L and R 
pectoral fin 
rays







































+6; +4 ? 6; 7 (0; 0) ? ?
MCCM LH 023
(26.0 mm) 14; ? 0; ? 7; +4 (0; 0) 37 (12) 8 (10)
MCCM LH 11286
(31.7 mm) ?; 14 ?; 0 +5; 7 (0; 0) 33 (11) 7 (9)
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13; ? 12; ? 7; ? (6; ?) 35 (13) 7 (9)
Table 2.8. Meristic characters for a growth series of New taxon #1: paired fins and radials, and scales. 
SL = standard length.
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In most specimens, the radial elements are preserved only as imprints, 
suggesting a faint ossification. There are seven to nine radial elements in the pectoral 
fins of New taxon #1 (Fig 2.19). The first of them is thicker and shorter, and probably 
corresponds to the propterygium (ptg). The radials (ra) are thin, short, cylindrical 
bones. The last element is also shorter and thicker, and is not completely parallel to the 
others, but somehow diagonally disposed, suggesting it might be the posterior end of a 
metapterygium (mtgo). According to Grande and Bemis (1998), only the posterior part of 
the metapterygium ossifies in adult individuals of Amia calva. Posteriorly, the ensemble 
of the radial elements form a convex surface, where the fin rays articulate. The pectoral 
rays, 13 to 16 in number, are not in a one-to-one ratio with the radials; instead, several 
rays articulate with each radial. The pectoral fin rays are long, the more posterior ones 
gradually decreasing in length, so that the pectoral fin has a slightly convexly rounded 
posterior margin. The pectoral fin rays become branched as the fish grows; the longest 
rays are branched twice in the largest specimen, the holotype.
Figure 2.19. New taxon #1. Pectoral fin from specimen MCCM LH 16257a. Scale bar equals 2 mm.
Pelvic girdle and fin—The only elements of the pelvic girdle and fin that 
apparently ossify in New taxon #1 are the basipterygium and the fin rays (Fig 2.20). A 
small ossification, slightly wider anteriorly than posteriorly, occurring in a small specimen 
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(MCCM LH16257a) might represent the metapterygium (mtg). The basipteryigium (bspt), 
whose ossification is also termed pelvic bone, is relatively large, flat, hourglass-shaped. 
The narrower point of the bone is much closer to the posterior end than to the anterior 
end, conforming a small posterior part and a very large anterior part, both of which get 
gradually wider. In adults, the anterior margin is twice as wide as the posterior margin. 
There are six or seven principal rays in the pelvic fin, which are segmented and branched 
in large individuals. The pelvic fin has a slightly convex posterior margin. There is also a 
much smaller, neither segmented nor branched ray anterior to the rest, which, according 
to Grande and Bemis (1998), might be the homologue of the pelvic splint of teleosts. The 
prepelvic length represents approximately a 50% of the standard length of the fish in 
large individuals. The pelvic fin is smaller and shorter than the pectoral fin.
Figure 2.20. New taxon #1. Pelvic fin from specimen MCCM LH 16257a. Scale bar equals 2 mm.
Unpaired fins
Dorsal and anal fins—The dorsal fin of New taxon #1 (Fig 2.21) is short and 
triangular in shape, with a straight to slightly convexly rounded posterior margin. The 
dorsal fin is located only slightly closer to the caudal fin than to the head; the predorsal 
length represents approximately a 60% of the standard length of the fish in large 
individuals, and the dorsal fin base a 16%. It has 14-16 principal rays supported by 15-17 
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pterygiophores. The pterygiophores are median structures composed by a proximal 
radial (pr), a middle radial (mr), and a distal radial (dr). The proximal radials are the 
longest elements, and they are spine-like, round in cross-section, with a broadened 
distal end. All of the proximal radials are approximately the same length. Apparently, the 
proximal radial of the first pterygiophore is slightly curved anteriorly and closer to the 
next one than any of the others are. The proximal ends of the proximal radials are not 
in contact with the neural spines of the vertebral column but notably separated from 
them. The proximal radials are disposed diagonally to the longitudinal axis of the body, 
in anteroventral to posterodorsal sense. The distal end of each proximal radial articulate 
with the proximal end of a middle radial. Middle radials are small, tube-like bones with 
broad tips. As happens in Amia calva (Grande and Bemis, 1998), the posterodistal end 
of each middle radial seems to articulate with the anterodistal end of the next proximal 
radial. Thus, each proximal radial, except the first one, makes contact with two middle 
radials, and each middle radial, except the last one, makes contact with two proximal 
radials. The distal radials are very small bones that articulate with the distal ends of 
the middle radials and lie between the two halves of their corresponding lepidotrichia. 
Each pterygiophore supports one fin ray, except the first one or two, which can support 
more than one due to the existence of a few, usually two or three, precurrent rays at 
the beginning of the dorsal fin. These precurrent rays (prfr) are very small, and neither 
segmented nor branched. The principal rays are both segmented and branched. Except 
for the first one or two principal fin rays, which are shorter, the principal dorsal fin rays 
are longer anteriorly and gradually shorter posteriorly.
Figure 2.21. New taxon #1. A) Dorsal fin from specimen MCCM LH 9645a (holotype) slightly coated with 
ammonium chloride. B) Interpretative drawing of specimen in A. Scale bar equals 5 cm. Abbreviations 
on pp. 70.
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Table 2.9. Meristic characters for a growth series of New taxon #1: dorsal and anal fins and supports. 
SL = standard length.
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The anal fin of New taxon #1 (Fig 2.22) is also short, with a slightly convexly rounded 
margin. Its anterior insertion is located anterior to the posterior end of the dorsal fin; 
the preanal length represents a 72-74% of the standard length of the fish in the largest 
specimens. The anal fin is slightly closer to the caudal fin than to the pelvic fins. The anal 
fin base represents approximately a 10% of the standard length. Its internal structure is 
very similar to that of the dorsal fin, and is composed by two or three precurrent fin rays, 
seven to eight principal fin rays and eight pterygiophores. All the proximal radials are 
approximately the same length. The principal rays are longer anteriorly, and gradually 
shorten posteriorly. As with the dorsal fin, the proximal ends of the proximal radials are 
not in contact with the haemal spines of the vertebral column, but separated from them. 
They are also diagonally disposed in anterodorsal to posteroventral sense.
Figure 2.22. New taxon #1. A) Anal fin from specimen MCCM LH 9645a (holotype) slightly coated with 
ammonium chloride. B) Interpretative drawing of specimen in A. Scale bar equals 5 cm. Abbreviations 
on pp. 70.
Caudal fin—The caudal fin of New taxon #1 (Fig 2.23) is convexly rounded in 
outline. As it is characteristic of amiid fishes, it is a large fin, not extremely long, and as 
high as the highest part of the body contour. 
Endoskeleton: there are usually 7-9 autocentra in the ural caudal region of New 
taxon #1. The ural autocentra decrease in size from anterior to posterior. The ural region 
turns upwards towards to the anterodorsal corner of the caudal fin. Hypurals are haemal 
arches that do not diverge proximally to enclose the caudal artery (Nybelin, 1963). In 
fossils this is very rare to observe, especially because they are usually preserved in 
lateral view. Thus, it is not easy task distinguishing the parhypural from the first hypural. 
According to Taverne (1997), the first hypural in amiids can sometimes be identified by 
being slightly separated from the rest of the hypurals by a more or less marked diastema 
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Table 2.10. Meristic characters for a growth series of New taxon #1: caudal fin and skeleton. SL = 
standard length.
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and by bearing a larger articular head, almost similar to a haemal arch. According to 
my own experience, the presence of a marked diastema is a more reliable criterion 
to identify the first hypural than the size of its articular head. Dorsally, the first ural 
vertebra usually bears a median neural spine, as those of the preural region. The 
following ural vertebrae do not have neural arches articulating with them; instead, 
there are one or two long spine-like structures that probably represent fused ural 
neural arches (Grande and Bemis, 1998).
The hypurals and the epurals of the ural region serve as support for the caudal fin 
rays, thus forming the caudal fin endoskeleton. The hypurals (hyp) are flattened distally, 
their posterolateral margins almost contacting each other, and their distal tips form 
a slightly concave curve. The anteriormost hypurals are as long as the posteriormost 
preural haemal spines, but they become much shorter towards the posterior part of the 
ural caudal region. The posteriormost hypurals are also narrower. The proximal ends of 
the epurals are located between the distal tips of the last preural and the ural neural 
spines. The epurals (ep) are thin, long, spine-like bones, similar to the supraneurals of 
the anterior abdominal region (there is controversy about a possible homology between 
epurals and supraneurals; e.g., Patterson, 1973; Schultze and Arratia, 1986; Arratia and 
Schultze, 1992). Small variability on the number of epurals is present in New taxon #1: 
for instance, the holotype has four epurals, whereas the paratype has only three. There 
are no uroneurals in New taxon #1, as in all other amiids.
Exoskeleton: most of the caudal fin rays are hypaxial rays (hpx), that is, they extend 
below the upturned notochord and vertebral column. There are also several epaxial 
rays (epx), which extend above and anterior to the upturned part of the notochord. 
The anteriormost hypaxial rays are very short, and they become longer posteriorly. 
These precurrent rays are not branched, and only the largest among them present 
segmentation on their distal ends. The principal caudal rays are hypaxial, all segmented 
and branched; they provide the caudal fin with its characteristic rounded outline. The 
proximal segment of these rays is long, and articulates with the elements of the caudal 
endoskeleton. Their proximal ends are acute, and then they become slightly expanded. 
The segments that form these rays become smaller distally, as the rays get branched. 
The longer the rays are, the higher the number of branches they develop. In the largest 
specimen known, the holotype, the distal ends of the largest rays usually have six to 
eight small branches. The principal hypaxial rays articulate with the last preural haemal 
spines, the parhypural, and the hypurals; each of these structures usually articulate with 
a single hypaxial fin ray. As for the precurrent hypaxial rays, several of them articulate 
with the same preural haemal spine. Several epaxial rays articulate with each epural. 
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Figure 2.23. New taxon #1. A) Caudal fin from specimen MCCM LH 9645a (holotype) slightly coated with 
ammonium chloride. B) Interpretative drawing of specimen in A. Scale bar equals 5 cm. Abbreviations 
on pp. 70.
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Only the two to four longest epaxial rays are segmented and branched. New taxon #1 
lacks fringing fulcra in its caudal fin. 
There is at least one urodermal in New taxon #1, located just dorsal to the last 
hypural. Urodermals (ud) are small ossifications interpreted as homologous to rhombic 
scales present in the caudal region of most halecomorphs (Arratia and Schultze, 1992).
SCALES
Scales—Terminology for scales description follows Daniels (1996), and is explained 
in detail in the Material and Methods section (Chapter 1.6). Scales are organized in 
approximately 16 horizontal rows and 35 vertical rows in New taxon #1 (Fig 2.24). They 
extend from right posterior to the bones of the pectoral girdle anteriorly to the caudal 
fin posteriorly, even covering the proximal, long segments of the caudal fin rays. The 
surface overlapped by each adjacent scale exceeds half the length of the scale. The 
scales of contiguous rows slightly overlap each other laterally as well. The shape of the 
scales is approximately constant throughout the body of New taxon #1, basically ovoid in 
contour and longer than high, except for those scales covering the caudal fin rays, which 
are shorter and more circular. The size of the scales is also constant in most of them, but 
those of the ventral region, especially between the pectoral fins, are smaller.
The scales of New taxon #1 (Fig 2.25) are very similar to those of other amiids 
in that they are thin, lack several characteristics common in other neopterygian groups 
(e.g., ctenii, radii, enamel tissue, vascular canals, thick bony base, peg-and-socket 
articulation), and especially in that they have ridges that are parallel to each other and 
radiate form the focus to end in the anterior, posterior and lateral margins of the scale 
instead of forming concentric circles (circuli) following the contour of the scale around 
the focus.
The scales of New taxon #1 have a well-defined focus, or center of ossification, 
located at one third of the length of the scale in the posterior part (although it is more 
posteriorly located in very young individuals). The transverse line runs from the focus 
to the posteroventral and posterodorsal corners of the scale. The transverse line is 
well-defined by numerous anastomoses forming a zig-zag-like pattern. The posterior 
field occupies, thus, one third of the length of the scale. The ridges in this field run 
fairly straight from the focus and the anastomoses of the transverse line towards the 
posterior edge of the scale. The ridges in the lateral fields are curved in their origin in the
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Figure 2.24. New taxon #1. Interpretative drawing of scale organization in specimen MCCM LH 9645a 
(holotype). Scale bar equals 5 cm.
CHAPTER 2: COMPARATIVE ANATOMY
[ 124 ]
focus and anastomoses, but are mostly straight and run towards the anterodorsal and 
anteroventral margin of the scale, parallel to each other. The ridges in the anterior field, 
all of them originating from the focus, run mostly straight from the focus to the anterior 
edge of the scale. The ridges of the lateral and anterior fields are slightly anteriorly and 
become wider distally. This is more apparent in the ridges closer to the longitudinal axis 
of the scale. Crests (which usually correspond to growth cessation marks; see Chapter 6) 
are hardly observable in the anterior field, but are more conspicuous in the lateral fields, 
and even more in the posterior field. Anastomoses, usually associated to the crests in 
the lateral and anterior fields, are very hard to distinguish. Large scales present a series 
of thin, parallel marks in their posterior field, extending in antero-posterior direction (Fig 
2.25A). In medial view, the scales present a thicker surface located closer to the posterior 
than to the anterior edge of the scale. This surface extends almost half of the length of 
the scale, and has an ornamentation formed by small, tube-like lubercles. The scales of 
the lateral line bear a small ossified tube running longitudinally throughout the central 
axis of the scale (Fig 2.25B).
Figure 2.25. New taxon #1. A) Disarticulated scale from specimen MCCM LH 9406a/b. B) Specimen 
MCCM LH Scale I, lateral line scale showing thin tube-like ossification for passage of the lateral line 
sensory canal. Scale bars equal 1 cm.
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2.3 NEW TAXON #2
Holotype—MCCM LH 20602, preserved in only one slab (Figs 2.26-2.27). It is 475 
mm in SL and 579 mm in estimated TL. The specimen is mostly complete and articulated, 
and presents a remarkable state of preservation. It is preserved in lateral view. Its skull is 
exceptionally well preserved, except for the skull roof. Approximately half of its vertebrae 
are either broken or missing, but in most cases the corresponding imprint is visible. It 
also lacks numerous fin rays, mostly distally and especially those from the pelvic and the 
caudal fins. Most of the latter is actually missing, already broken away when found. The 
specimen was acid-prepared, but not transferred into resin.
Figure 2.26. New taxon #2. A) Specimen MCCM LH 20602 (holotype). B) Specimen in A slightly coated 
with ammonium chloride. C) Digital drawing of the skeleton as preserved in the specimen; contour of 
skull roof and caudal fin reconstructed based on shape and proportions inn other specimens. Scale 
bar equals 10 cm.
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Figure 2.27. Digital drawing of the skeleton as preserved in specimen MCCM LH 20602 (holotype). 
Enlarged version of figure 2.26C. Scale bar equals 10 cm.
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Paratypes—MCCM LH 37150a/b (Fig 2.28). It is quite smaller than the holotype: 
260 mm in SL and 320 mm in TL. The specimen is preserved in two slabs, except for most 
of the skull, which is preserved in just one slab and was acid prepared. The specimen 
appears complete, articulated, and in lateral view. The state of preservation is excellent. 
It needed not to be prepared either mechanically or chemically, except for part of the 
skull, which was prepared mechanically and treated locally with acid. 
Figure 2.28. New taxon #2. Specimen MCCM LH 37150 (paratype). A) Part, LH 37150a. B) Specimen 
in A slightly coated with ammonium chloride to enhance volume. C) Counterpart, LH 37150b. D) 
Specimen in C slightly coated with ammonium chloride. Scale bar equals 5 cm.
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MCCM LH 32777 (Fig 2.29). It is subadult, much smaller than the holotype and the 
other paratype: 120 mm in SL and 145 mm in estimated TL. The specimen is preserved in 
just one slab. It is preserved almost complete, articulated, and in lateral view. Its caudal 
fin is not complete, because the fossil was already broken away when found. It also 
lacks the distal part of most dorsal fin rays. Most vertebrae are broken, but perfectly 
distinguishable. The skull is dorsoventrally compressed, so that part of the skull roof and 
circumorbital bones are damaged, and most palate bones are visible in ventral view. The 
specimen was both mechanically and acid-prepared, but not transferred to resin.
Figure 2.29. New taxon #2. A) Specimen MCCM LH 32777 (paratype). B) Specimen in A slightly coated 
with ammonium chloride. Scale bar equals 5 cm.
Material examined (topotypes)—In addition to the holotype and paratypes, 6 
additional specimens were studied: MCCM LH 2131a/b, 2149-2150, 9224a/b, 13020a/b, 
26772a/b, 28604a/b. The specimens were all nearly complete skeletons, several of 
which were acid-prepared; they range from 24.8 to 232 mm SL. 
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DESCRIPTION
Meristics and morphometric characters—Descriptive counts and measurements 
are provided by Tables 2.11-2.20. The known size of this species ranges from 24.8 mm 
SL and 30.2 mm TL (estimated, specimen MCCM-LH 2131a/b) to 475 mm SL and an 
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Table 2.11. Measurements for a growth series of New taxon #2: head bones. SL = standard length; HL 
= head length.
*Estimated by % of SL represented by HL in other specimens.
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Table 2.12. Measurements for a growth series of New taxon #2: head bones. SL = standard length.
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Table 2.13. Measurements for a growth series of New taxon #2: body proportions. SL = standard 
length; TL = total length.
*Estimated by % of TL represented by SL in the other specimens.
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Table 2.14. Measurements for a growth series of New taxon #2: fin measurements and ratios. SL = 
standard length.
* Length between dorsal and caudal fins.
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SKULL
Braincase and ethmoid region—The bones that constitute the braincase are 
hardly visible in any of the New taxon #2 specimens. Very rarely some of the bones of the 
braincase are observable through the orbit. The skull of the holotype specimen (Fig 2.30) 
shows a lot of taxonomical information; however, its orbital region is very badly preserved. 
Figure 2.30. New taxon #2. A) Skull as preserved in specimen MCCM LH 20602 (holotype) slightly coated 
with ammonium chloride. B) Digital drawing of the head skeleton; skull roof bones reconstructed 
based on shape and proportions in other specimens. Scale bar equals 5 cm. Abbreviations on pp. 70.
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Figure 2.31. New taxon #2. A) Close-up of orbital region from specimen MCCM LH 37150a (paratype), 
slightly coated with ammonium chloride. B) Same photograph enhanced to show some skull bones 
borders. Scale bar equals 2 cm.
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The bones of the braincase are best seen in paratype MCCM LH 37150a/b, and even in this 
case only a few elements from the ethmoidal and occipital regions can be confidentially 
identified. Some bones of the sphenotic region (probably the orbitosphenoid and/or the 
pterosphenoid) are also exposed dorsal to the parasphenoid, visible through the orbit; 
however, their state of preservation does not allow a reliable identification.
The basioccipital (bo) is an unpaired bone observable in ventral view in this same 
paratype specimen (Fig 2.32). It is not well preserved either, so little of it can be described. 
It is almost completely overlapped ventrally by the posterior part of the parasphenoid. 
The basioccipital is also present in the other paratype specimen, but it is mostly covered 
by dermal bones of the opercular series. The basioccipital forms the base of the occipital 
condyle, the structure that articulates with the first vertebra of the axial skeleton. The 
first vertebrae get sequentially fused to the basioccipital during ontogeny in the extant 
Amia calva (e.g., Grande and Bemis, 1998). In consequence, the occipital condyle is not 
homologous between juvenile and adult individuals; it is formed by the basioccipital in 
juveniles, and by the last vertebrae fused to the basioccipital in adults.
Other bones of the occipital region are also present in this specimen, but very 
badly and partially preserved. The prootic (pro) is a small bone located lateral to the 
parasphenoid, posterior to its ascending ramus. The intercalar (ic) is located posterior to 
the prootic, and seems to extend almost to the posterior margin of the parasphenoid.
Otoliths—No otoliths have been observed in any of the known specimens of New 
taxon #2.
Skull roof— The skull roof of New taxon #2 is formed by six paired bones: nasal, 
frontal, dermosphenotic, dermopterotic, parietal, and extrascapular. As mentioned 
above, the skull of the holotype is preserved in lateral view and the roof is very badly 
preserved. Only the anterior part of the skull roof of paratype MCCM LH 37150a/b is 
well enough preserved to be described. The skull roof of the other paratype is almost 
not exposed at all either. However, it is curious to note that a relatively high proportion 
of the few New taxon #2 specimens found to date that show the skull have it exposed in 
dorsal view, which is a very uncommon feature in the fishes from Las Hoyas, suggesting 
a different preservational dynamic. The skull roof is best seen in specimens MCCM LH 
13020a/b and 9648b (Figs 2.33-2.34), even though none of them show it in its entirety.
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  Figure 2.32. New taxon #2. A-B) Close-up of occipital region from specimen 
MCCM LH 37150a (paratype), anterior facing left. C) Basioccipital with one 
vertebra fused to it of Amia calva specimen UMMZ 190918-S in anterior, 
lateral left, dorsal and ventral views; anterior facing left in the three last views. 
Scale bars equal 1 cm.
Figure 2.33. New taxon #2. Topotype MCCM LH 13020. A) Part, LH 13020a. B) Counterpart, LH 13020b. 
C) Specimen in A slightly coated with ammonium chloride. D) Specimen in B slightly coated with 
ammonium chloride. E, G) Close-ups of specimen in C. F, H) Close-ups of specimen in D. Scale bar 
equals 5 cm (A- D) and 2 cm (E-H). Abbreviations on pp. 70.
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Figure 2.34. New taxon #2. A-B) Close-up of skull roof from specimen MCCM LH 9648b slightly coated 
with ammonium chloride. Scale bar equals 2 cm. Abbreviations on pp. 70.
As it is common in most amiids, especially in the subfamilies Amiinae and 
Vidalamiinae, and in contrast to New taxon #1 described in the previous chapter, the 
dermal bones of the skull roof of New taxon #2 present a highly developed ornamentation. 
It is much more similar to that of vidalamiins than to that of amiines, consisting of long, 
deep grooves and high crests that radiate from the center of ossification in each bone. 
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There are only a few, large grooves and crests on each skull roof bone, whereas the 
grooves and crests on the skull roof of amiins are usually very numerous, small, and 
irregularly distributed. As in Amia calva, there are no fenestrae, fontanelles, or pineal 
openings on the skull roof. The bones are tightly sutured to each other in adult individuals.
Probably due to the highly developed ornamentation on the dermal bones of 
the skull roof, the pores corresponding to the supraorbital sensory canal are not easily 
distinguishable. The canal enters through the middle of the nasal, crosses the entire 
bone longitudinally, and then runs into the anterior part of the frontal. The canal pierces 
the dermosphenotic but does not seem to continue posteriorly into the frontal. From 
the dermosphenotic, the canal continues into the dermopterotic, where it apparently 
runs straight near the lateral edge of the bone. The canal seems to bifurcate inside the 
dermopterotic, as in other amiids, the medial branch penetrating the posterolateral 
corner of the parietal, where it ends, and the lateral one continuing into the extrascapular. 
Finally, the latter branch is bifurcated again; one of the new branches runs near the 
lateral edge of the extrascapular, and the second new branch near its anterior edge, 
where it seems to connect with the series of pores from the other extrascapular. 
Likewise, due to the thick ornamentation, no troughs can be identified on the 
skull roof of New taxon #2; such troughs correspond to a series of neuromasts in life in 
Amia calva (e.g., Jarvik, 1980).
The anteriormost bone of the skull roof is the nasal (n), which lies posterior to the 
rostral. The nasal of New taxon #2 (Fig 2.31) is relatively shorter than the nasal of other 
amiid species, especially in relation to the length of the frontal bone. It is rectangular 
in shape, longer than wide, and approximately as wide anteriorly as it is posteriorly. 
The notch on its anterolateral corner, which together with the antorbital constitute 
the posterior edge of the foramen for the anterior nare, is only very slightly marked. 
The nasal bone is placed just anterior to the frontal; in life, these two bones would not 
directly articulate with each other, but would probably be linked by connective tissue, as 
in Amia calva (Grande and Bemis, 1998). In the few specimens where both the right and 
left nasals are visible, they do not articulate with each other. The deep grooves which, 
together with the supraorbital sensory canal pores, constitute the ornamentation of the 
nasals radiate from the anteromedial part of the bone.
Posterior to the nasal lies the frontal (fr). As for most actinopterygians, the 
frontal is the longest element of the skull roof, occupying over a 40% of the head length 
in the largest specimen. The frontal of New taxon #2 is relatively longer in relation to the 
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length of nasal and parietal than that of the Amiinae. The length ratio between these 
bones is much closer to that of the other amiids, especially vidalamiins. The frontal of 
New taxon #2 is also relatively thin, especially at the orbital level; it becomes wider 
after the orbit. The excavation of the anterolateral margin of the frontal for the orbit 
articulates with the supraorbital bones. The frontal presents interdigitating sutures with 
the parietal and dermopterotic; the sutures between frontal and dermosphenotic and 
between the frontals of each side are less irregular, although not completely straight. 
The deeper portion of the frontal projects anteriorly. This deep portion overlaps the 
supramaxilla partially and is, in turn, overlapped by the nasal. The deep and long grooves 
that constitute the ornamentation of the frontal radiate more or less longitudinally from 
the center of ossification as marked by a line just at the posterior margin of the orbit and 
anterior to the dermosphenotic bone. There is an especially large pore of the supraorbital 
sensory canal in the anterior edge of the frontal, where the canal enters from the nasal. 
The parietal (pa) is placed posterior to the frontal and medial to the dermopterotic. 
It is a very irregularly shaped bone, slightly longer than wide. It is slightly excavated on 
its posterolateral corner for the posteromedial expansion of the dermopterotic. Both 
the right and left parietals are very similar in size, which is not always the case in amiids. 
The presence of ventral laminar shelves common in other amiid species cannot be 
confirmed because all skull roofs showing the parietal bone are completely articulated. 
The anterior margin of the parietal is highly sinuous, conforming an interdigitating suture 
with the dermosphenotic. The medial and lateral margins are slightly curved, and the 
posterior margin, which articulates with the extrascapular, is straight. The deep grooves 
of ornamentation radiate from the posterolateral corner of the bone. There are sensory 
canal pores on the lateral side of the posterior half of the bone.
Lateral to the frontal is the dermosphenotic (dsp). As usual, the dermosphenotic 
of New taxon #2 is tightly sutured into the skull roof, and is thus described in this section 
despite actually belonging to the infraorbital series (i.e., it is a bone of the infraorbital 
sensory canal). It is approximately as long as half of the dermopterotic. It presents 
an irregular shape, with a slight excavation on its anterolateral edge, which is part of 
the orbital margin. The suture between dermosphenotic and frontal is rather straight, 
whereas the suture between dermosphenotic and dermopterotic is interdigitated. 
Laterally, the dermosphenotic loosely articulates with the last infraorbital, although this 
region is not clearly visible in any known specimen of New taxon #2. The deep grooves 
of ornamentation in the dermosphenotic are anteriorly sinuous and posteriorly straight. 
There are a series of large sensory canal pores, leading towards both the dermopterotic 
and the last infraorbital; this indicates that the connection between the supraorbital and 
[ 141 ]
CHAPTER 2: COMPARATIVE ANATOMY
the infraorbital sensory canals takes place in the dermosphenotic.
The dermopterotic (dpt) lies posterior to the dermosphenotic and lateral to the 
posterior part of the frontal and the parietal. The dermopterotic is an elongated bone, 
more than twice as long as it is wide; it is almost twice as long as the parietal.  It is 
fairly rectangular with a medial posterior expansion. The dermopterotic presents a very 
sinuous anterior margin, conforming an interdigitating suture with the dermosphenotic. 
It has straight posterior and lateral edges. Its anteromedial margin, which articulates 
with the frontal, is slightly sinuous; posteriorly, its medial margin, which articulates 
with the parietal, is more sinuous. The deep grooves of its ornamentation radiate from 
the posterolateral corner of the bone. There is a pair of very large sensory canal pores, 
very close to its anterior margin. As in New taxon #1, the presence of a ventral process 
of laminar bone and the opening to the postotic sensory canal, which is the junction 
between the supraorbital and the preopercular sensory canals, typically observable in 
lateral view in the dermopterotic of amiid fishes (e.g., Amia calva in Grande and Bemis, 
1998, figs 17, 24), cannot be confirmed. 
The posteriormost bone of the skull roof is the extrascapular (es). The extrascapular 
is very large, at least thwice wider than it is long. It is longer laterally than medially. 
Its anterior margin is straight, whereas its lateral and, especially, posterior margins are 
curved. The right and left extrascapulars seem to articulate to each other by means of 
a slightly interdigitating suture. The deep grooves of ornamentation radiate from the 
anterolateral corner of the bone.
Circumorbital bones — The infraorbital series of New taxon #2 is composed by at 
least seven bones. It is very difficult to precise the exact number of infraorbital bones in 
this taxon, because this region is not well preserved in any of the large specimens, while 
in the smaller specimens these bones are not completely ossified yet. Among these 
seven, only the second trough the sixth are typically termed infraorbitals, because the 
first is the antorbital, and the seventh is the dermosphenotic, which is tightly sutured 
into the skull roof. The second is usually termed infraorbital 1 or lacrimal; posterior to it, 
there seem to be two infraorbitals forming the ventral margin of the orbit. Finally, there 
are two more infraorbital bones forming the posterior margin of the orbit.
All the bones of the infraorbital series enclose the infraorbital sensory canal, so 
that sensory canal pores can be seen on their surfaces if the state of preservation is good 
enough. The infraorbital canal emits a branch towards the supraorbitary canal in both 
the antorbital and the dermosphenotic. 
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The anteriormost bone of the infraorbital series is, thus, the antorbital (ao). In 
New taxon #2 this is a flat, elongate bone, approximately as long as the nasal. It is acute 
anteriorly and wider posteriorly. Its lateral and medial margins are slightly curved and its 
posterior margin is quite rounded. In contrast with most other dermal bones of the skull, 
the surface of the antorbital is smooth; its only surface features are the pores of the 
sensory canal. Anteriorly, the antorbital bone overlies the nasal and almost reaches the 
rostral, but it does not articulate with it. Posteriorly, it reaches the frontal and overlies 
the lateral ethmoid and the anteriormost part of the lacrimal. 
The lacrimal (l) or infraorbital 1 is the bone that forms the anterior margin of 
the orbit (Fig 2.31). It is deep, yet a bit longer than it is deep. It presents a thick tube-
like ventral part and a thin anterodorsal expansion with a rounded outline. The lacrimal 
of New taxon #2 has a smooth surface with sensory canal pores only. Anteriorly, the 
lacrimal is partially overlapped by the antorbital. Dorsally, it does not reach the frontal 
but the first supraorbital bone, and overlies the lateral ethmoid partially. Ventrally, it 
articulates with the anteriormost part of the maxilla. Posteriorly, it tightly articulates 
with the next infraorbital bone. 
There seem to be two infraorbital bones constituting the ventral margin of the 
orbit (Fig 2.31). These infraorbitals (io2-3) are thick, tube-like bones that are very tightly 
sutured to each other and with the posterior end of the lacrimal, as if they were almost 
fused, forming a continuous tube-shaped structure that encloses the anterior part of 
the infraorbital sensory canal. These bones are termed “subinfraorbitals” by Grande and 
Bemis (1998). In New taxon #2, the first of these two bones is much shorter than the 
second one. Posteriorly, the latter articulates, also very tightly, with the anterior border 
of the next infraorbital bone. 
There are two infraorbitals (io4-5) constituting the posterior margin of the orbit 
in New taxon #2. These bones are termed “postinfraorbitals” by Grande and Bemis 
(1998). Neither of these two bones is completely preserved in the holotype. This region 
is not well preserved in any other specimen either; nonetheless, a reconstruction can be 
attempted. Infraorbital 4 is a relatively large bone. It presents an anterior part which is 
tube-shaped and sutured to the previous infraorbital bone (Fig 2.31). It then becomes 
deeper and constitutes the posteroventral and most of the posterior margin of the orbit. 
The anterior edge of this bone is, thus, curved. Posteriorly, the bone is subtriangular in 
shape. Infraorbital 5 constitutes the posterodorsal margin of the orbit; its contribution 
to the orbit margin is much smaller than that of the infraorbital 4. It is low anteriorly, 
getting higher posteriorly. It extends much further posteriorly than infraorbital 4, yet 
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it does not reach the preopercular bone (Fig 2.35). Dorsally, it reaches the last bone of 
the infraorbital series, the dermosphenotic, and also the dermopterotic, but it does not 
articulate tightly with either of them. The infraorbital sensory canal continues from the 
previous infraorbitals piercing near the anterior border of io4-5, very close to the orbit. 
This canal emits a branch posteriorly though the middle of the bone in the infraorbital 
5. These two bones present a fairly smooth surface, other than the pits of the sensory 
canal pores. Both bones are partially overlapped by the supramaxilla when the mouth is 
open, as it is in the known specimens.
There are no observable suborbitals in New taxon #2. As explained in the 
description of New taxon #1, these bones are located posterior to the last infraorbitals 
when they are present; however, they do not exist in any known species of the subfamilies 
Amiinae and Vidalamiinae, whereas at least one suborbital is present in Solnhofenamia 
elongata and several species of Amiopsis (Grande and Bemis, 1998).
New taxon #2 has two supraorbital bones (su1-2). They are long, subcilindrical 
bones located in the orbital fringe of the frontal, thus forming part of the dorsal margin 
of the orbit (Fig 2.31). Supraorbital 1 reaches the anteriormost part of the frontal. It is 
slightly wider anteriorly than posteriorly. Supraorbital 2 does not contact the frontal 
anteriorly, but extends under the slender part of supraorbital 1. Posteriorly, su2 does 
contact the frontal, but does not suture tightly into it. Posteriorly it extends near the 
dermosphenotic and the last infraorbital, not reaching any of them. Both su1 and su2 
present a smooth surface; they do not even have sensory canal pores, because these 
bones are always devoid of sensory canal. 
As happens in New taxon #1, there are no clear remains of an ossified sclerotic 
ring in the holotype or paratype specimens of New taxon #2. However, the smallest 
specimens (MCCM LH 2131a/b, 26772a/b) do show a sclerotic ring (sr) that is very 
faintly ossified (Fig 2.36). Since this occurs in both new taxa, it would be interesting to 
have additional specimens in order to check whether this ossification really disappears 
with growth or is simply a preservational artifact. Grande and Bemis (1998) found no 
trace of sclerotic ring mineralization in their growth series of Amia calva, and state that 
sclerotic ring ossification appears to be lost in Amiinae, while it is present in non-amiine 
Amiiformes.
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Figure 2.35. New taxon #2. A) Close-up of skull from paratype MCCM LH 32777. B) Specimen in A 
slightly coated with ammonium chloride. Scale bar equals 2 cm.
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Figure 2.36. New taxon #2. A) Specimen MCCM LH 26772a. B) Close-up of orbital region of specimen 
in A, showing the sclerotic ring. C) Specimen MCCM 2131a. D) Close-up of orbital region of specimen 
in C, showing the sclerotic ring. Scale bar equals 2 cm for A and C, and 2 mm for B and D. Abbreviations 
on pp. 70.
Upper jaw— The premaxilla (pmx) of New taxon #2 is the anteriormost bone of 
the upper jaw. The anterior part of the bone, where the teeth are implanted, is thick, 
especially medially, where the two largest teeth are located. Laterally, the bone presents 
an expansion, which bears the rest of the teeth; this expansion becomes narrower 
describing a lateral concavity towards the posterior part of the bone. This anterior edge 
presents a ventral grove right posterior to the teeth, especially pronounced after the 
two largest teeth. The premaxilla presents a deep posterior expansion, termed the 
nasal process of the premaxilla. The nasal process, which is typically flat in amiids, has a 
middle opening that extends anteriorly to the foramen for the anterior nares formed by 
the antorbital and the nasal. The nasal process reaches the anterior edge of the frontal, 
although the premaxilla and the frontal do not articulate tightly with each other. The 
nasal process is usually overlapped by the nasal, the antorbital, and the rostral, thus 
forming the cavity for the nasal sacs. Medially, the left and right premaxillae articulate 
to each other by means of a straight suture. The premaxilla is located dorsal to the 
vomer and the anterior dermopalatine of the palate, and posterolaterally articulates 
with the maxilla, only loosely. The premaxilla bears a single row of large teeth, the two 
medial ones bigger than the rest. All teeth are slightly curved towards the oral cavity and 
present a long and very pointed acrodin cap. There seem to usually be seven teeth on 
each premaxilla.




L and R 
premaxillary 
teeth
L and R 
maxillary teeth
L and R 
dentary teeth
L and R 
coronoids
L and R 
branchiostegals
MCCM LH 2131 
(est. 24.8  mm) ? ? 7+; +5 ? ?; 16
MCCM LH 26772 
(32.5 mm) ? ? ?; 9 ? +11; 15
MCCM LH 9224 
(39.4 mm) 4+; 5 ?; +6 9; 9 ? +7; 15
MCCM LH 28604 
(43.4 mm) ? ? 10; ? ? 13+; 15
MCCM LH 2149-
2150 
(est. 62.3  mm)
+3; ? ? +5; 10 ? +8; 16
MCCM LH 32777 
(120 mm) 5+; +4 26; ? 15; ? 2+; 1+ 15; +11
MCCM LH 13020 
(232 mm) ?; 7 ? ? ? 15; ?
MCCM LH 37150  
(260 mm) ?; 6+ ? ? ? 12+; 14
MCCM LH 20602 
(475 mm) ? 17+, ? 7, ? ? 15, ?
Table 2.15. Meristic characters for a growth series of New taxon #2: head region. SL = standard 
length; L = left; R = right.
The maxilla (mx) of New taxon #2 (Fig 2.30) only loosely articulates with the rest 
of the skull. In general, its shape is very similar to that of Vidalamia catalunica. The 
premaxillary process of the maxilla is ellipsoidal in section and very slender, yet not as 
slender as that of caturids. The anterior end of the bone is medially expanded and is 
slightly concave dorsally. This anterior expansion, the premaxillary process, constitutes 
the articulation of the maxilla with the anterior part of the skull; in Amia calva, it fits 
into a socket formed by the vomer, premaxilla and preethmoid (Grande and Bemis, 
1998), so presumably it would do the same in New taxon #2, although the preethmoid 
is never visible in this taxon. The posterior expansion of the maxilla is higher, with a 
very large posterodorsal expansion, and a very slender posteroventral expansion. The 
dorsal margin of the dorsal expansion is straight and inclined; it presents a very reduced 
supramaxillary notch. This margin articulates with the supramaxilla. The posterior edge 
of the maxilla is very concave, forming a very developed postmaxillary notch triangular 
in shape; such morphology is typical of vidalamiins. The lateral surface of the bone is 
strongly ornamented, especially the posterior half of the bone, which presents deep 
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and thin longitudinal grooves, together with a series of small, conical pits located just 
anterior to the postmaxillary notch. The maxilla of New taxon #2 bears a single row 
of teeth. Paratype MCCM LH 32777 shows a maxilla with 26 teeth; some of them are 
missing, but their implantation sockets can be clearly seen. The teeth are small and 
almost constant in size throughout the length of the bone. They are conical in section 
and present a very small, acrodin cap, also conical in shape. The teeth are slightly curved 
towards the oral cavity. They extend from the anterior end of the bone to almost the end 
of the slender posteroventral expansion, and are approximately evenly distributed along 
the oral border.
The supramaxilla (smx) articulates with the straight dorsal margin of the 
posterodorsal expansion of the maxilla, right posterior to the supramaxillary notch. It 
is a deep, flat bone, very similar in shape to the supramaxilla of the two known species 
of Pachyamia. It is thinner anteriorly, and rapidly becomes higher by describing a 
concave anterior margin. Its dorsal and posterior margins are curved. The supramaxilla 
is approximately as long as a third of the maxilla. It is also ornamented with longitudinal 
grooves, yet much shallower than those of the maxilla.
Lower jaw—The lower jaw of New taxon #2 is observable in lateral view in 
several specimens, including the holotype (Fig. 2.30), but none of the known specimens 
shows a complete lower jaw in medial view. As far as can be seen, only the presence of 
the following bones can be confirmed: dentary, mentomeckelian ossification, at least 
two coronoids, angular, supraangular, anterior and posterior articular elements, and 
retroarticular.
There is a series of very well identifiable, large pores running throughout the 
entire length of the dentary and through the ventral and posterior margins of the 
angular, the last pore opening very near the posterior articular element. These pores 
correspond to the mandibular sensory canal. The posterior articular element, as will be 
explained later, articulates with the symplectic; the symplectic is mostly overlapped by 
the preopercular bone, which encloses the preopercular sensory canal. This suggests 
that there would be a connection between both the mandibular and the preopercular 
sensory canals through the skin, which actually exists in the extant Amia calva (Grande 
and Bemis, 1998).
The anteriormost and largest bone of the lower jaw is the dentary (d). The 
dentary of New taxon #2 is tapers anteriorly and is posteriorly deep, maintaining an 
almost constant height throughout more than half of the bone. The dentary is mostly 
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flat, but the anterior end of the bone is slightly curved medially to articulate with the 
dentary of the opposite lower jaw, forming a rounded symphiseal region. The ventral 
margin of the bone is slightly concave; this ventral margin is partially covered by matrix in 
the holotype. The dorsal margin is expanded posterior to the last tooth; this expansion, 
the coronoid process, is subtriangular in shape, and its posterior margin articulates with 
the supraangular bone. The posterior margin of the dentary is deeply notched for the 
articulation with the angular. The dentary of New taxon #2 bears a single row of teeth. 
The left dentary of paratype MCCM LH 32777 shows 15 teeth or corresponding socket. 
The teeth are curved towards the oral cavity, the anterior ones being slightly more 
curved. They are conical in section, and much wider on their base. They present a conical, 
pointed acrodin cap, which is relatively long. The ornamentation of the dentary consists 
mainly of elongated longitudinal grooves; there is also a series of much thinner grooves 
on the coronoid process. The large pores of the mandibular sensory canal begin on the 
middle of the symphiseal border end of the bone; then, they describe a very pronounced 
curve, running very close to the teeth 4-7, and then they descend to almost the ventral 
edge of the bone, where they run very close to all the way to the posterior margin of the 
bone. In medial view, the dentary of New taxon #2 presents a very deep groove formed 
by two longitudinal bony shelves that run in parallel at least throughout the anterior 
part of the bone; the posterior part is not visible in any known specimen. This deep 
groove is actually the meckelian groove, which would harbor Meckel’s cartilage in life. 
The coronoids are laid over the upper of the two bony shelves that form the meckelian 
groove.
Posterior to the dentary is the angular (ang). The angular is approximately as long 
as one third of the dentary; it is higher than the anterior part of the dentary. The angular 
has irregular anterior and dorsal margins and straight ventral and posterior margins. Its 
anterior margin has a very large subtriangular notch that articulates very tightly with the 
posterior margin of the dentary. The dorsal margin of the bone articulates tightly with 
the ventral margin of the supraangular. The angular bone of New taxon #2 presents a 
very developed ornamentation, which consists mainly of very deep longitudinal grooves. 
These grooves are deeper than those on the dentary, especially on the anterior and 
posteroventral parts of the bone. The pores of the mandibular sensory canal are also 
very conspicuous in the angular; they pierce the ventral part of the bone, and turn 
up in an almost right angle through its posterior margin, so that the mandibular canal 
seems to exit the angular bone through its dorsal margin. On its inner side, the angular 
articulates with three small bones: the anterior and posterior articular elements, and 
the retroarticular. The first is located on the posterior part of the dorsal margin of the 
angular, whereas the other two are on its posterior margin.
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The supraangular (sag) is a large bone, larger than the angular, and subrectangular 
in shape. It articulates anteriorly with the posterior margin of the dentary and ventrally 
with the dorsal margin of the angular, in both cases by means of an irregular suture. 
The posteroventral corner of the bone slightly overlies the anterior articular element. 
The supraangular constitutes the highest point of the coronoid process, and therefore 
of the lower jaw, providing the posterior part of the lower jaw with a general triangular 
shape. The lateral surface of the supraangular is smoother than that of the angular and 
the dentary and it does not present sensory pores because the supraangular is a bone 
devoid of sensory canal. 
There seem to be at least two coronoid bones (co) on the inner side of the lower 
jaw. This, however, is hard to confirm, because no complete lower jaw can be seen in 
medial view; besides, the coronoids are very tightly sutured to each other, making it 
very difficult to even distinguish one from the other. The coronoids are elongated bones 
located over the upper bonny shelf of the meckelian groove. They are small and flat bones 
where teeth are implanted. Each coronoid presents over 20 teeth, irregularly arranged 
over the surface of the bone. They are small teeth, conical in shape, very slightly curved 
towards the oral cavity; they have a very small, pointed acrodin cap. The teeth of the 
coronoids are smaller than those of the dentary, but are located almost at the same level 
on the lower jaw, forming part of the oral border of the jaw.
In the extant Amia calva, Meckel’s cartilage ossifies into several bones: 
mentomeckelian, coronomeckelian, anterior and posterior articular elements, and 
retroarticular. All these elements except the coronomeckelian are identifiable in New 
taxon #2. The coronomeckelian is a very small ossification in amiids, often visible in 
fossils only if the lower jaw is preserved disarticulated from the rest of the skull, because 
this little bone is covered by the prearticular and the anterior articular element. This 
region, as stated above, is not visible in any known specimen of New taxon #2.
The mentomeckelian (m) is a very small, subcilindrical ossification of the 
anteriormost part of Meckel’s cartilage. It is harbored inside the anterior part of the 
meckelian groove (Fig 2.35). When it has been preserved in other amiids, including Amia 
calva, it looks very similar to that of New taxon #2, both in shape and position.
The articular of amiids, whether formed by one or by two ossifications, (fused or 
unfused), articulates with both the quadrate and the symplectic, forming the so-called 
double jaw articulation, which is a traditional diagnostic character of halecomorph fishes. 
In New taxon #2 there are two distinct articular elements: an anterior element, which 
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articulates with the condyle of the quadrate, and a posterior element, which articulates 
with the condyle of the symplectic (Fig 2.30). The anterior articular element (ara) is best 
seen in the holotype. It is located between the lateral side of the prearticular and the 
medial side of the angular, so that only its dorsalmost part, slightly convex in shape, is 
observable through the posterior corner of the articulation between the angular and the 
supraangular. The posterior articular element (arp) is also located on the medial surface 
of the angular, but extends posteriorly onto the upper part of the posterior margin of 
this bone. It is a small ossification, rounded and convex in shape, and articulates with the 
symplectic as just explained above.
The retroarticular (rar) is the posteriormost bone of the lower jaw. It is harbored 
by the posteroventral corner of the medial surface of the angular, which is strongly 
concave. The retroarticular of New taxon #2 is a small, rounded bone, which presents 
small concavities both on the posterodorsal corner of its lateral surface and on its dorsal 
surface. In Amia calva, the dorsal concavity, which is proportionally larger, serves for the 
attachment of the large hyomandibular and interoperculomandibular ligaments (Grande 
and Bemis, 1998).
Palate—The palatal complex of amiids is formed by numerous bones, all of 
them bearing teeth or toothpatches, except for the autopalatine, which is the only 
endochondral bone of the palate. The autopalatine is located medial to the anterior 
bones of the palate, and does not actually reach the occlusal surface of this complex; the 
autopalatine is thus usually not visible in palatal view, and is not visible in lateral view 
either because it is laterally covered by the lacrimal. The autopalatine is not observable 
in any of the known specimens of New taxon #2.
The following bones have been observed forming the palatal complex of New 
taxon #2: parasphenoid, vomer, anterior and posterior dermopalatines, ectopterygoid, 
endopterygoid, and metapterygoid. The palate is best seen in paratype MCCM LH 32777, 
where it is preserved in occlusal view (Fig 2.37). In the holotype and in the other paratype 
only of the anteriormost elements of the palate is observable, and only in lateral view, 
which does not provide much morphological information.
The parasphenoid (pas) is the only unpaired bone of the palatal complex, 
forming its median axis. It is also the longest element, extending from approximately 
the anterior tip of the maxilla back to the level of the middle of the opercular bone; the 
posterior region of the parasphenoid articulates dorsally with the ventral surface of the 
basioccipital, thus providing the palate with a strong attachment to the braincase. The 
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parasphenoid is visible in lateral view through the orbit of most specimens of New taxon 
#2. It is an elongated bone, flat and thin whose lateral wings are placed at the middle of 
its length; the total extension of the lateral wings cannot be verified. In ventral view, the 
parasphenoid shows a couple of highly developed longitudinal crests, defining a deep 
median groove; the crests extend all the way back to the posterior end of the bone, 
where they are less pronounced. The parasphenoid of amiid fishes presents a toothpatch 
of very small teeth (shagreen) whose anterior and posterior extension is rather variable 
in different taxa (Grande and Bemis, 1998, fig 135). The presence of this toothpatch 
cannot be confirmed in New taxon #2 because the parasphenoid is not entirely visible 
in ventral view in any known specimen. However, it can be confirmed that, if present, 
it does not extend much anteriorly. The parasphenoid articulates anteriorly with the 
paired vomer by means of an interdigitating suture.
The vomer (vo) is the anteriormost bone of the palate. It is subtriangular 
anteriorly, thinner and elongated posteriorly. The vomer of New taxon #2 is relatively 
shorter than that of other amiid species, such as Amia calva. The anterior part of the 
vomer bears around eight relatively long teeth, the anteriormost ones being slightly 
longer. These teeth are conical in section and curved towards the oral cavity. They have 
a small, pointed acrodin cap. There is not a second toothpatch of smaller teeth in the 
vomer of New taxon #2, although it is present in other amiids. The left and right vomers 
articulate with each other by means of a straight suture.
Figure 2.37. New taxon #2. Close-up of palatal complex of specimen MCCM LH 32777 (paratype) 
slightly coated with ammonium chloride. Scale bar equals 1 cm. Abbreviations on pp. 70.
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Lateral to the vomer is the anterior dermopalatine (dpla). The anterior 
dermopalatine of New taxon #2 is a small bone, wider anteriorly than posteriorly. It is 
located medial to the anterior part of the maxilla, but they do not articulate with each 
other. The anterior dermopalatine is a flat bony base where at least five relatively long 
teeth are implanted. The teeth are not arranged in a single row but distributed irregularly 
on the occlusal surface of the bone. All the teeth are approximately the same size. They 
are conical in section and present a very small, pointed acrodin cap.
Posterior to the anterior dermopalatine is the posterior dermopalatine (dplp). It 
is approximately as long as the anterior dermopalatine, but slightly thinner, and consists 
also of a bony base where teeth are implanted. There are only three teeth, arranged in a 
single row; these teeth are conical in section and curved towards the oral cavity. They are 
slightly longer than those of the anterior dermopalatine. They present a long, pointed 
acrodin cap. Both the anterior and the posterior dermopalatines articulate posteriorly 
with the ectopterygoid and the endopterygoid, but these articulations are not accurately 
observable in the known specimens of New taxon #2.
The ectopterygoid (ecp) lies just posterior to the posterior dermopalatine, and 
constitutes most of the lateral surface of the palate. It is a long bone, almost as long as 
the maxilla is. In lateral view, the ectopterygoid is thin and tube-like anteriorly, flatter 
and expanded posteriorly. In occlusal view, the bone is thinner anteriorly, and wider 
posteriorly, showing an elongated, subtriangular general shape. It presents a large patch 
of nearly a hundred teeth extending in width from the lateral margin to the middle of 
the bone medially, and in length to over half of the bone posteriorly. The longest teeth 
are those closer to the anterolateral part of the bone, so that they become much smaller 
posteriorly and medially; even the longest teeth of this bone are smaller than those of 
the dermoapalatine.
Posterior to the dermopalatines and medial to the ectopterygoid lies the 
endopterygoid (enp). The endopterygoid of New taxon #2 is a flat, relatively large bone. 
It extends medially to the parasphenoid. Posteriorly, it probably articulates tightly with 
the metapterygoid, as in all other amiids, but this cannot be confirmed with the current 
state of knowledge. In occlusal view, it is thicker anteriorly and anteromedially, where 
it presents a tube-like edge. The endopterygoid is mostly covered by very small teeth 
(more than 40 are observable). These teeth are only slightly bigger on the anteromedial 
part of the bone, behind the tube-like edge. The teeth are more concentrated close to 
the anteromedial part of the bone, and more disperse posteriorly.
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The metapterygoid (mpt) is the posteriormost element of the palatal complex. It 
is not visible in occlusal view in any known specimen of New taxon #2. It is observable 
in lateral view in the holotype and in several other specimens as well, including both 
paratypes. However, only the holotype presents this region preserved well enough as to 
be described. The metapterygoid is a chondral bone that ossifies from the palatoquadrate 
cartilage, in addition to the quadrate and the autopalatine (Jollie, 1984). It is a large, 
relatively flat bone, roughly rectangular in shape, with irregular margins. It articulates with 
the quadrate dorsally, and partially overlies the hyomandibular posteriorly. Anteriorly, it 
articulates with the endopterygoid and the ectopterygoid, although these articulations 
cannot be seen in New taxon #2. The presence of a patch of very small teeth on its 
occlusal surface cannot be confirmed. The dorsal notch for the trigeminal nerve, present 
in other amiids including Amia calva (Grande and Bemis, 1998), is rather small. In lateral 
view, the metapterygoid appears partially overlied by the posterior infraorbitals, the 
maxilla and supramaxilla, and the supraangular.
Teeth—The shape and especially the size of the oral teeth of New taxon #2 are 
highly variable. The biggest teeth are those of the dentary and premaxilla. The lateralmost 
teeth of the anterior dermopalatine and the teeth of the posterior dermopalatine are 
also quite big, only slightly smaller. The rest of the teeth of the anterior dermoapaltine 
and those of the vomer are next in size; the anterolateralmost teeth of the ectopterygoid 
and those of the coronoids are next. Then, the rest of the teeth (the rest of the teeth of 
the ectopterygoid and the teeth of the endopterygoid, metapterygoid and parasphenoid) 
are much smaller, and are usually referred to as “shagreen”. All teeth are round in cross-
section and hollow, as in all other amiiforms (Grande and Bemis, 1998). In general, the 
bigger they are, the more curved towards the oral cavity they are, and also the longer 
and more pointed their acrodin cap is. The acrodin cap of most oral teeth is conical in 
shape. However, in the longest specimens, the biggest teeth present a keeled or carinate 
cap (i-e., the cap appears slightly compressed in lateral view; Fig 2.38). The presence 
of a keeled tooth cap is characteristic of vidalamiines, but this feature seems to be 
convergent with some other amiiforms (caturids and some species of Amiopsis; Grande 
and Bemis, 1998).
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Figure 2.38. New taxon #2. Close-up of teeth of specimen MCCM LH 20602 (holotype) slightly coated 
with ammonium chloride showing their keeled acrodin cap. Scale bar equals 1 cm.
Hyoid arch—The hyomandibular (h) is a large bone located posterodorsal to 
the metapterygoid and the quadrate, with which it articulates (Fig. 2.30). Dorsally, the 
hyomandibular bone reaches the level of the ventrolateral surface of the dermopterotic 
if the skull roof; in the extant Amia calva, the hyomandibular articulates into a groove of 
cartilage under the dermopterotic, thus participating, as in all actinopterygians, in the 
suspension of the jaw from the braincase (Grande and Bemis, 1998). The hyomandibular 
of New taxon #2 is largest dorsally and tapers just above the dorsal margin of the 
metapterygoid, acquiring the typical shape of a hatchet. The opercular process is not 
exposed in any specimen because the posterior part of the hyomandibular is overlied 
by the preopercular. Close to the middle of the bone there is a groove and foramen, 
visible on its lateral surface, probably for the passage of the hyomandibular trunk (facial 
VII), as occurs in Amia calva (Grande and Bemis, 1998). As in all actinopterygians, there 
is a prominent curved crest in the lateral surface of the hyomandibular, which extends 
almost parallel to the anterior margin of the preopercle from the dorsal to the ventral 
margin of the bone, and which serves as attachment for diverse mandibular muscles.
The quadrate (q) is a laterally flat bone with an overall subtriangular shape. It 
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presents a ventral articular condyle, anterolaterally directed, forms the condylefor the 
articulation with the fossa of the anterior articular element. The quadrate is dorsally 
sutured to the metapterygoid; whether it articulates with the ectopterygoid as well, as in 
Amia calva (Grande and Bemis, 1998), cannot be confirmed, because the anteroventral 
margin of the quadrate is overlapped by the supraangular in all known specimens. The 
posteroventral margin of the quadrate is also overlapped by the preopercular. The 
quadrate does not seem to directly articulate with the symplectic, at least ventrally; in 
Amia calva, these two bones are connected by a small cartilaginous bar or splint, which 
never ossifies (Grande and Bemis, 1998).
The symplectic (sym) of New taxon #2 cannot be described in much detail, 
because it is mostly overlapped by the preopercular in lateral view. It is an elongated 
bone with a rounded ventral condyle. The condyle is the only part of the bone usually 
not overlaid by the preopercular, and forms the articulation with the posterior articular 
element of the lower jaw.
The posterior ceratohyal (chp) is a small ossification that in Amia calva is 
joined to the hyomandibular by means of a cartilaginous element termed interhyal, 
which penetrates into a small concavity present in the posteroventral margin of the 
hyomandibular called hyosymplectic facet (Grande and Bemis, 1998). The posterior 
ceratohyal of New taxon #2 is a flat bone, subcircular in shape. It is laterally partially 
overlaid by the proximal part of the last branchiostegal ray. The posterior ceratohyal 
articulates with the dorsal margin of the anterior ceratohyal, and is visible in lateral view 
under the interopercular, yet posterior ceratohyal and interopercular do not articulate 
with each other.
The anterior ceratohyal (cha) is a very long bone that describes an obtuse angle. 
Its posterior half is expanded and flat, whereas its anterior half is more slender and 
almost cylindrical in section. Its dorsal margin is concave and rounded. Its posterior 
margin articulates with the posterior ceratohyal. Its anterior margin is also slightly 
concave, and articulates with the hypohyal. All branchiostegal rays articulate with the 
lateral surface of the anterior ceratohyal.
The basihyal seems not to ossifiy in amiids, and is not observable in any known 
specimen of New taxon #2. The hypohyal (hh) is a small ossification with a very 
characteristic, almost spherical shape. Its lateral surface is flat and articulates with the 
anterior end of the anterior ceratohyal. Medially the left and right hypohyals articulate 
with each other.
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Opercular series, branchiostegal rays, and gular—In general theses bones 
present fairly smooth lateral surfaces in New taxon #2, except for the preopercular and, 
especially, the opercular, which is highly ornamented. 
The preopercular (pop) is a long, crescent-shaped bone. It is wider dorsally and 
slowly tapers towards its ventral part, as is common in the subfamily Vidalamiinae. It is 
strongly curved on its central portion, describing a curve, relatively marked in comparison 
with other amiids. The preopercular overlies the posterior part of the hyomandibular and 
quadrate, and almost the whole symplectic. The dorsal border of the preopercular of New 
taxon #2 is triangle-shaped and contacts the ventral surface of the dermopterotic. The 
preopercular sensory canal runs along the entire bone; as a consequence, sensory canal 
pores can be appreciated close to the posterior edge of the bone. The preopercular canal 
connects with the supraorbitary canal through the preopercular and the dermopterotic, 
and with the mandibular canal through the connection of the preopercular with the 
angular bone of the lower jaw by soft tissues, even if these two bones do not actually 
articulate with each other. This posterior edge of the preopercular is irregular rather 
than smooth, suggesting the existence of short branches of the preopercular canal 
reaching the posterior edge of the bone, as happens in Amia calva (Grande and Bemis, 
1998). The preopercular of New taxon #2 has a rather smooth lateral surface; other 
than the sensory canal pores, it shows also a remarkable, straight vertical groove on its 
dorsal part, and several parallel, short grooves on its ventral part. The preopercular is 
not visible in medial view in any of the known specimens of this taxon, so the presence 
of the usual long ridge on this side for the insertion of the anterior ridges of the bones of 
the opercular series cannot be confirmed.
The opercular bone (op) is the largest element of the opercular series. It is located 
posterior to the dorsal part of the preopercular. The opercular of New taxon #2 is longer 
than high, which is a feature shared by the members of the Vidalamiini. It is slightly 
larger ventrally than dorsally. Its anterior and dorsal edges are fairly straight, whereas 
the ventral and posterior edges are slightly curved. The ventral part of the opercular 
overlaps the dorsal lateral surface of the subopercular, so that their borders are not in 
contact. The lateral surface of the preopercular is highly ornamented in New taxon #2. 
This ornamentation consists of strong, long, more or less straight narrow grooves that 
radiate from the center of ossification, in the anterodorsal corner of the bone. This kind 
of ornamentation, combined with the lack of ornamentation on the subopercular bone, 
is a typical character of the Vidalamiinae; and of Solnhofenamia elongata, although its 
ornamentation is not as much developed as in vidalamiines. The opercular bone of New 
taxon #2 is never exposed in medial view in the specimens known so far.
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The subopercular (sop) is a long, relatively narrow bone, larger than the 
opercular. The subopercular always presents a more or less developed anterodorsal 
process that lies anterior to the anteroventral corner of the opercular; as happens in 
New taxon #1, and in contrast to what usually happens in amiids, the opercular does not 
have an anteroventral notch for this process to fit into. The dorsal and ventral edges of 
the subopercular are only slightly curved, and are approximately parallel to each other. 
The anteroventral corner of the bone is curved and articulates with the interopercular, 
whereas its ventral margin contacts the dorsal margin of the last branchiostegal ray, yet 
does not tightly articulate with it.
The last and ventralmost element of the opercular series is the interopercular 
bone (iop). It is a much smaller bone, subtriangular in shape. Its anterior edge is straight, 
and articulates with the preopercular. It is larger dorsally and tapers ventrally. Its dorsal 
edge is also slightly curved, and articulates with the subopercular. The interopercular 
partially overlies the anterior end of the last branchiostegal ray. The lateral surface of the 
interopercular lacks ornamentation.
There are usually 15-16 branchiostegal rays (br) in New taxon #2, including the 
last or dorsalmost one, specially enlarged in amiids and termed “branchiopercular” by 
Grande and Bemis (1998). The branchiostegal rays of New taxon #2 are elongated bones 
that form a series extending from the mid level of the buccopharyngeal cavity to the 
posterolateral side of the dermic skull, the last ray contacting both the subopercular 
and the interopercular. The anterior end of all brachiostegal rays bear a little head that 
articulates with the lateral surface of the large anterior ceratohyal. The anterior head 
is cylindrical in section; posteriorly, the branchiostegal rays are expanded and laterally 
flattened. The anteriormost branchiostegal rays are almost straight and very narrow; 
the rays on the middle of the series are more curved, and the posteriormost ones are 
straighter again. Posteriorly, each branchiostegal ray is slightly longer and dorsoventrally 
taller than the previous one, acquiring the appearance of long, flat plates. The last one 
is thus the largest, and in this case it is longer than the subopercular bone. As in all 
osteichthyan fishes with a high number of branchiostegal rays, the ventral margin of 
each one overlies the dorsal margin of the preceding one. 
The gular bone (g), or gular plate, is a median bone that covers the bucco-
pharyngeal cavity of the skull ventrally between the two rami of the lower jaw, placed 
anterior to the first, ventralmost branchiostegal rays is the gular. The gular is not 
preserved in the holotype specimen; in paratype MCCM LH 37150a/b is only partially 
observable, whereas in paratype MCCM LH 32777 it is preserved in its entirety (Fig 2.35). 
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It is a broad, very thin plate, ellipsoidal in contour. It has an almost constant width. Both 
the anterior and the posterior margins are rounded. It is only slightly shorter than the 
lower jaw. In large specimens, the gular plate is fairly smooth, the only ornamentation 
observable in MCCM LH 32777 are very shallow, short grooves that radiate from the 
middle of the bone. In younger individuals (e.g., MCCM LH 26772a; Fig 2.39), however, a 
series of annular rings can be seen. Annular marks on the gular plate have been used for 
ageing purposes in Amia calva.
Figure 2.39. New taxon #2. Close-up of gular plate of specimen MCCM LH 26772a showing annular 
rings. Scale bar equals 5 mm. Abbreviations on pp. 70.
Branchial arches—The branchial arches complex of Amia calva is composed by 
five arches, each of them formed by an hypobranchial and a ceratobranchial, except for 
the last arch, which consists only of a ceratobranchial. Each hypobranchial articulates 
ventrally with the corresponding basibranchial, the only unpaired element of the 
branchial arches. Most of the branchial bones have patches of very small, pointed teeth 
in Amia calva. For New taxon #2, only the presence of the anterior two hypobranchials 
can be confirmed. They are visible in the holotype specimen; the rest of the bones of 
branchial arches 1-2 and the rest of the branchial arches are not observable, either 
because they have not preserved or, most likely, because they are laterally covered by 
other bones of the skull. Both the first and the second hypobranchials (hb1 and hb2) 
are elongated, slender bones located almost parallel to each other and to the anterior 
half of the anterior ceratohyal. The first hipobranchial is longer than the second, and 
its anterior end is slightly thicker, with a straight anterior surface and a small notch on 
its anteroventral edge. There are no toothpatches associated to the branchial arches 
preserved.
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Lateral line trunk system—In all osteichthyans, the dermal bones of the skull 
entouring the sensory canals are among the first to ossify. In New taxon #2, these bones 
always start to ossify as thin tubes around the canals; in New taxon #2, such delicate, 
early ossification can be seen in some of the smallest specimens (Fig 2.40), as MCCM LH 
2131 (24.8 mm estimated SL) or MCCM LH 9224a (39.4 mm SL).
Figure 2.40. New taxon #2. A) Specimen MCCM LH 2131b. B) Close-up of skull of specimen from A. C) 
Specimen MCCM LH 9224a. D) Close-up of skull of specimen from C. Arrows indicate early ossification 
of dermal bones enclosing the supraorbitary sensory canal. Scale bars equal 5 mm for A and D, 2 mm 
for B, and 1 cm for C.
The system of sensory canals of the skull connects posteriorly with the lateral line 
system of the trunk; they are all part of the same sensory system. The sensory canals 
run through the extrascapulars into the posttemporals, and posteriorly into the upper 
part of the supracleithra, as is usual in amiids and other actinopterygians. The lateral 
line runs through the body scales above the level of neural arches of the vertebrae, 
getting closer to the vertebral autocentra in caudal direction. Most of the specimens 
of New taxon #2 present a groove formed by the canal piercing successive scales; this 
groove indicates, then, the path of the trunk lateral line (Fig 2.41). This groove is more 
clearly visible in smaller specimens, because the scales are less ossified, and seems to be 
thicker anteriorly than posteriorly. It reaches the caudal fin, but no ossification between 
the principal caudal fin rays corresponding to the extension of the lateral line system, 
present in other amiids including Amia calva, are present in any known specimen of New 
taxon #2.
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Figure 2.41. New taxon #2. A) Specimen MCCM LH 28604a. B) Close-up of specimen from A showing 
the impression of the trunk lateral line. Scale bar equals 2 cm for A and 1 cm for B.
AXIAL SKELETON
Figure 2.42 shows the division of the axial skeleton of New taxon #2 in different 
regions. The numbers of vertebral elements are given in Tables 2.16-2.17.
Figure 2.42. New taxon #2. Axial skeleton of specimen MCCM LH 20602 (holotype); caudal fin 
reconstructed based on shape and proportions on other specimens. Scale bar equals 5 cm. 
Abbreviations on pp. 70.
Vertebrae—As in all amiids, the autocentra of New taxon #2 are solid, perichordally 
ossified, and amphicoelous. A small opening for the notochordal canal remains in the 
center of each autocentrum. They are approximately rounded in section. The anterior 
ones are clearly higher than long, and become longer posteriorly. In the caudal region 
(the diplospondylous one) the autocentra are again much higher than long. Finally, the 
last caudal ones are much lower and longer. All autocentra have nearly smooth lateral 
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surfaces, with no relief other than the facets for the insertion of their annex structures 
and an antero-posterior, thin groove on their ventral surface. New taxon #2 presents 
several diplospondylous vertebrae, of both the normal and alternating type. As in all 


















































































































































Table 2.16. Meristic characters for a growth series of New taxon #2: vertebrae and autocentra. 
SL = standard length.
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Table 2.17. Meristic characters for a growth series of New taxon #2: vertebral elements associated 
with autocentra. SL = standard length. 
Abdominal region—New taxon #2 usually presents 26-30 abdominal vertebrae. 
The anteriormost ones are shorter; posteriorly, the abdominal autocentra are 
comparatively longer, even though not as long as they are high. The first abdominal 
vertebrae are covered by the skull bones and therefore not accessible for observation. 
Other than these, all abdominal vertebrae show ribs (r) associated to them. The ribs are 
short and slightly curved, and they are relatively thin, with a round section. Their distal 
ends are not pointed but flatly truncated, very similar to those of vidalamiins. All ribs are 
approximately the same length, except those of the last abdominal vertebra, which are 
shorter. The vertebrae of New taxon #2 lack ossified parapophyses. The ribs articulate 
more dorsally in the anterior abdominal autocentra, and gradually move to a more 
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ventral position towards the posterior part of the abdominal region. All the abdominal 
vertebrae have arcocentra forming neural arches (na). There are no medial spines on 
the abdominal arcocentra; the right and left halves of the neural arches do not fuse to 
each other but develop into elongated paired structures (nsp). The neural arches have 
pointed distal tips and proximal ends or bases that are expanded and articulate with the 
anterodorsal part of the autocentra. The neural arches of the first abdominal vertebrae 
are shorter and flattened laterally. Supraneurals are hardly visible or not visible at all 
in the smaller specimens due to faint ossification. Paratype MCCM LH 37150a/b shows 
three short supraneurals (sn) over the neural arches of the anteriormost abdominal 
vertebrae exposed (Fig 2.43).
Figure 2.43. New taxon #2. Close-up of anterior abdominal region of vertebral column of specimen 
MCCM LH 37150b (paratype) slightly coated with ammonium chloride. Scale bar equals 1 cm. 
Abbreviations on pp. 70.
Preural caudal region—The preural caudal region is composed by those vertebrae 
that bear haemal arches. New taxon #2 usually presents 39-43 preural caudal autocentra. 
The preural caudal region of New taxon #2 usually starts with three monospondylous 
vertebrae. Posteriorly, all vertebrae of this region are diplospondylous. Diplospondyly 
is explained in the description of New taxon #1 (Chapter 2.2). In New taxon #2, the 
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anterior diplospondylous vertebrae are of the normal type; the posterior ones are of the 
alternating type (vertebrae 37-46 in the holotype). There is some individual variability 
in the number and proportion of normal and alternating diplospondylous vertebrae, 
usually ranging 6 to 8 for the former and 9 to 13 for the latter. Dorsally, the vertebrae of 
the preural caudal region bear neural arches that fuse medially forming neural spines 
distally (nsm), except for the first one to four vertebrae, which often present paired 
neural spines like those of the abdominal vertebrae. The preural neural spines are 
longer on the posterior than on the anterior vertebrae of the caudal region. There are 
no infrahaemals in New taxon #2, in contrast to their presence in other amiid taxa; all 
the preural caudal vertebrae bear haemal arches (ha) that fuse to form median spines 
ventrally. The haemal spines are much longer than the ribs. They are rounded in section 
and have pointed tips. The first haemal spines are shorter, and the last ones, which are 
involved in the support of the caudal fin, are longer and distally flatter, acquiring a shape 
similar to that of the hypurals. The last haemal spine of the preural caudal region is 
termed the parhypural (phy; see caudal endoskeleton).
Ural region— The ural caudal region of the vertebral column is constituted by 
those vertebrae bearing hypurals on their ventral surfaces; they support fin rays, forming 
the caudal endoskeleton (see description below).
APPENDICULAR SKELETON
Paired fins
Pectoral girdle and fin—The pectoral girdle of New taxon #2 is composed by 
five paired elements: posttemporal, supracleithrum, postcleithrum, cleithrum, and 
scapulocoracoid. The presence of ossified clavicle elements, present in other amiids 
(e.g., Amia calva; Grande and Bemis, 1998, figs 87-90), cannot be confirmed.
The dorsalmost element is the posttemporal (pt). The posttemporal is located 
posterior to the extrascapular, and is anteriorly partially overlapped by it. The 
posttemporal is roughly triangular in shape, with straight margins but rounded corners. 
The lateral edge is longer than the anterior edge, which is a character of phylogenetic 
relevance (Grande and Bemis, 1998). The dorsal surface of the posttemporal presents an 
irregular ornamentation consisting of grooves located on the posterior part of the bone, 
plus pores of the lateral line system sensory canals. The canal crosses the bone and runs 
into the supracleithrum. The posttemporal is not observable in ventral view in any of the 
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known specimens of New taxon #2, and thus the presence of a rod-like process for the 
articulation with the intercalar bone of the braincase, present in Amia calva (Grande and 
Bemis, 1998: fig 36), cannot be confirmed.
Specimen #
(SL)
L and R 
pectoral fin 
rays
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Table 2.18. Meristic characters for a growth series of New taxon #2: paired fins and radials, 
and scales. SL = standard length.
The supracleithrum (scl) is placed ventral to the posttemporal. The supracleithrum 
is a raelatively large, flat bone. It is mostly covered by the operculum in lateral view. Its 
anterior margin is straight, and its posterior margin is convex. The lateral and the medial 
surfaces of the bone are smooth, but it shows sensory canal pores on its dorsal part.
The small postcelithrum (pcl) lies posterior and ventral to the supracleithrum. It is 
partially covered by the supracleithrum and the cleithrum in lateral view. It is ellipsoidal 
in shape, and its lateral and medial surfaces are smooth.
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The cleithrum (cl) is placed ventral to the postcleithrum and the supracleithrum. 
The cleithrum is the largest bone of the pectoral girdle in all actinopterygians. As in 
other amiids, it is roughly L-shaped, with an anterior, diagonally directed arm, and a 
posterior, vertical arm. The anterior arm is longer than the posterior arm, whereas the 
posterior arm is wider than the anterior arm. The anterior margin of the bone is curved, 
and its posterior margin describes a slightly obtuse angle. The anterior arm presents a 
deep ventral groove more developed posteriorly than anteriorly. This groove is present 
in other amiids, but it usually has a more medial than ventral position. The posterior arm 
presents a narrow dorsal expansion, which articulates with the supracleithrum and the 
postcleithrum. The anterior arm is wider posteriorly and more slender anteriorly. The 
cleithrum is a relatively thick bone, and is smooth in lateral view. Clavicle elements are 
not observed in any of the known specimens of New taxon #2; because they lie between 
the anterior arm of the cleithrum and bones of the opercular series, these elements are 
not normally visible in fully articulated specimens (Grande and Bemis, 1998).
The scapulocoracoid complex (sco) is ossified in long specimens of New taxon 
#2 (Fig 2.44). As is common in other amiids, including Amia calva, this complex is not 
ossified in young individuals. The scapulocoracoid articulates anteriorly with the medial 
surface of the posterior part of the anterior arm of the cleithrum. The scapulocoracoid 
is wider and thicker anteriorly, and tappers posteriorly. The posterior margin of the 
scapulocoracoid articulates with the proximal radial elements of the pectoral fin. There is 
a large foramen (scf) in the middle of the scapulocoracoid, which is also present in other 
amiids where the scapulocoracoid complex ossifies, such as Pachyamia latimaxillaris 
and Pachyamia mexicana (Grande and Bemis, 1998, figs 269 and 279 respectively).
As happens in New taxon #1, the radial elements of the pectoral fin are preserved 
only as imprints in most specimens of New taxon #2, suggesting a weak ossification; 
only some of the older individuals show ossified radials (Fig 2.44). The pectoral radials 
(ra) are elongated bones, wider anteriorly and posteriorly, and narrower in the middle 
(hourglass shape). There are usually seven to eight radials in the pectoral fin of New 
taxon #2; the first of them, the anterior one, is shorter and slightly wider, suggesting 
it might correspond to the propterygium (ptg), yet it maintains the rough hourglass 
shape present in the rest of the pectoral radials. Each radial is longer than the previous 
one, the posteriormost one being therefore the longest. All the radials are arranged 
approximately in the same direction; there is no shorter and wider element diagonally 
disposed that could correspond to an ossified metapterygium. According to Grande and 
Bemis (1998) the metapterygium only ossifies in old specimens of Amia calva, and does 
not completely do so, remaining cartilaginous most of their life. Posteriorly, the radial 
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elements form a convex curve where the fin rays articulate.
There are 13-16 fin rays in the pectoral fin of New taxon #2, several of them 
articulating with each of the radial elements, and thus not keeping a one-to-one ratio 
with them. The rays are long, the posterior and, especially, the anterior ones being 
slightly shorter, which confers the pectoral fin a convexly rounded posterior margin. 
Pectoral fin rays become segmented and branched in larger specimens; the longest rays 
are branched three times in the longest known specimen, the holotype.
Figure 2.44. New taxon #2. Close-up of pectoral fin of specimen MCCM LH 37150b (paratype) slightly 
coated with ammonium chloride. Scale bar equals 2 cm. Abbreviations on pp. 70.
Pelvic girdle and fin— The only elements of the pelvic girdle and fin that 
apparently ossify in New taxon #2 are the basipterygium and the fin rays (Fig 2.45). The 
basipterygium (bspt), also termed pelvic bone, is a large bone, with a long and slender 
anterior part and a flat, wider, sub-triangular posterior part. The posterior margin of the 
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bone is not straight, but present shallow irregular concavities. There are seven to eight 
rays in the pelvic fin of New taxon #2. The anterior ones are straighter, whereas the 
posterior ones are slightly more curved. All of them are approximately equal in length, 
giving the fin a convexly rounded posterior margin. The rays become segmented and 
branched in longer specimens. The pelvic fin is located at roughly midway from the 
pectoral to the anal fin; the prepelvic length represents a 55-60% of the standard length 
of the fish in old individuals.
Figure 2.45. New taxon #2. Close-up of pelvic fin of specimen MCCM LH 37150b (paratype) slightly 
coated with ammonium chloride. Scale bar equals 1 cm. Abbreviations on pp. 70.
Unpaired fins
Dorsal and anal fins—The dorsal fin of New taxon #2 is quite long (Fig 2.46), 
very similar to those of vidalamiins, comparatively not as long as those of amiins. The 
predorsal length represents approximately a 45% of the standard length of the fish in 
large individuals of New taxon #2. The dorsal fin base represents a 35% of the SL, since 
the dorsal fin almost reaches the caudal pedicle. The dorsal fin is composed by 26-28 
rays supported by 25-27 pterygiophores. As in most primitive actinopterygians, each 
pterygiophore is formed by a proximal radial (pr), a middle radial (mr), and a distal radial 
(dr). The proximal radials are the longest elements, spine-like, round in cross-section 
[ 169 ]
CHAPTER 2: COMPARATIVE ANATOMY
bones with a broadened distal end. All of the proximal radials are approximately the 
same length, only the posteriormost ones being slightly shorter. The proximal ends of 
the proximal radials extend very close to the neural spines of the vertebral column, the 
posteriormost ones even interspersed with the spines. The proximal radials are disposed 
diagonal to the longitudinal axis of the body, in an anteroventral-to-posterodorsal 
sense. The distal end of each proximal radial articulates with the proximal end of the 
corresponding middle radial. Middle radials are small, cylindrical-like bones with broad 
tips. As happens in Amia calva (Grande and Bemis, 1998), as well as in other amiids 
(including New taxon #1), the distal end of each middle radial seems to articulate with 
both its corresponding proximal radial and with the distal end of the subsequent proximal 
radial. Thus, each proximal radial, except the first one, makes contact with two middle 
radials, and each middle radial, except the last one, makes contact with two proximal 
radials. The distal radials are tiny bones, thus very difficult to observe in New taxon #2; 
Figure 2.46. New taxon #2. A) Close-up of dorsal fin of specimen MCCM LH 20602 (holotype). B) 
Interpretative drawing of specimen in A. C) Close-up of dorsal fin of specimen MCCM LH 37150a 
(paratype) slightly coated with ammonium chloride. Scale bars equal 5 cm. Abbreviations on pp. 70.
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each distal radial articulates with the distal ends of the corresponding middle radial and 
lies between the two halves of the lepidotrichia that compose the fin rays. There is almost 
a one-to-one ratio between pterygiophores and rays, with only the first pterygiophore 
supporting two fin rays, the first of them being shorter than the rest of the rays. New 
taxon #2 apparently lacks precurrent rays, usually present and numerous in amiids; only 
the first dorsal fin ray seems to be shorter, but even this one is segmented in older 
specimens. The principal rays are segmented and become branched in older specimens. 
The last ray is also slightly shorter than the rest of the rays, but not as short as the first 
one, and is as segmented and branched as the rest of them; this last ray is also slightly 
more curved backwards than the rest of the rays, which are fairly straight proximally, only 
the distal segments curving backwards. Overall, the dorsal fin of New taxon #2 presents 
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i, +23 0 24+ ? ? ?
MCCM LH 32777 
(120 mm) 26 0 26 i, 8 0 7
MCCM LH 13020 
(232 mm) 25+ 23+ +22 i, 8 7 6+
MCCM LH 37150  
(260 mm) i, 26 25 25 8 7 7
MCCM LH 20602 
(475 mm) i, 27 +18 26 i, 8 7 7
Table 2.19. Meristic characters for a growth series of New taxon #2: dorsal and anal fins and 
supports. SL = standard length.
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The anal fin of New taxon #2 is short and presents a slightly convexly rounded 
margin (Fig 2.47). It is located anterior to the posterior end of the dorsal fin; the preanal 
length represents a 73-75% of the standard length of the fish in the longest specimens. 
The anal fin is slightly closer to the caudal fin than to the pelvic girdle. The anal fin base 
represents approximately only a 7% of the standard length. The fin is composed by eight 
principal rays supported by seven pterygiophores, which present the same structure 
than those of the dorsal fin. The first pterygiophore articulates with two rays plus a very 
small precurrent ray. All principal rays are approximately equal in length, being only the 
first one slightly shorter. The last rays are slightly more curved. As with the dorsal fin, 
the proximal ends of the proximal radials are in contact with the haemal spines of the 
vertebral column. They are also diagonally disposed, in anterodorsal-to-posteroventral 
sense.
Figure 2.47. New taxon #2. A) Close-up of anal fin of specimen MCCM LH 20602 (holotype) slightly 
coated with ammonium chloride. B) Interpretative drawing of specimen from A. C) Close-up of anal 
fin of specimen MCCM LH 28604a. Scale bars equal 2 cm for A and B and 5 mm for C. Abbreviations 
on pp. 70.
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Caudal fin—The caudal fin of New taxon #2 is not high, but it is very long, and 
presents an ellipsoidal contour (Fig 2.48). 
Figure 2.48. New taxon #2. Close-up of caudal fin of specimen MCCM LH 37150a (paratype), slightly 




















MCCM LH 2131 
(est. 24.8  mm) ? ? ? ? ? ?
MCCM LH 26772 
(32.5 mm) 9 17 8 16, iii
?
(16, iii) 0
MCCM LH 9224 
(39.4 mm) 7 13 7 17, iv
?
(17, iv) 0
MCCM LH 28604 





(est. 62.3  mm)
? ? ? ? ? ?
MCCM LH 32777 
(120 mm) 9 17 8 v, 23
v, 4
(19) ?
MCCM LH 13020 
(232 mm) 10 16 9 iv, 22, ii
iv, 4
(18, ii) 16
MCCM LH 37150  
(260 mm) 10 20 10 v, 25, iii
v, 7
(18, iii) 15
MCCM LH 20602 
(475 mm) 10 19 10 iv, 26, ii
iv, 6
(20, ii) 14+
Table 2.20. Meristic characters for a growth series of New taxon #2: caudal fin and skeleton. 
SL = standard length.
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Endoskeleton: hypurals are similar to the posteriormost haemal spines, from 
which they are often difficult to distinguish in fossils. There are 20 vertebrae in the ural 
region of the holotype of New taxon #2. The vertebrae of this region are monospondylous, 
and thus each autocentrum bears a hypural, except the posteriormost autocentra, which 
do not have annex structures. The anterior vertebrae of this region are about the same 
size than those of the preural caudal region, and they become longer and much lower 
towards the posterior end of the vertebral column. The ural region is curved upwards 
posteriorly. Dorsally, the first one or two ural vertebrae usually bear a median neural 
spine very similar to those of the immediate preural region, but with a much thinner 
proximal end. The subsequent ural autocentra do not have neural arches articulating with 
them; instead, there are one or two long spine-like structures that probably represent 
fused ural neural arches (Grande and Bemis, 1998).
There are usually nine to ten hypurals (hyp) in New taxon #2. The hypurals become 
shorter and distally broader towards the end of the vertebral column except for the last 
ones, which are much thinner. The distal ends of the hypurals almost contact each other, 
and describe a concave curve following the upturning of the vertebral column. There 
are eight to ten epurals (ep) in New taxon #2, whose proximal ends are located between 
the distal ends of the preural and ural neural spines. Epurals are thin, long, spine-like 
ossifications, the posterior ones being longer. As the hypurals, the epurals also serve as 
support for the caudal fin rays. There are no uroneurals in New taxon #2, as in any other 
amiid.
Exoskeleton: large specimens of New taxon #2 usually present 18-20 hypaxial 
principal fin rays (hpx) and four to seven epaxial fin rays (epx), plus several precurrent 
rays (Fig 2.49). The first hypaxial rays are shorter; rays become longer towards the 
middle of the fin, providing the typical rounded distal contour. The principal rays present 
a long, unsegmented proximal part plus a series of segments which become smaller and 
smaller posteriorly. In relatively long individuals the caudal principal rays are branched; 
the longer the rays are, the more branches they develop. Paratype MCCM LH 37150 (260 
mm SL) presents principal caudal fin rays that are branched twice. The proximal ends 
of the rays, which serve as insertion base, are acute; the following segments in distal 
sense become slightly expanded, and then they acquire the same thickness than that 
of the subsequent segments. This proximal ends of the hypaxial rays articulate with the 
haemal structures of the caudal endoskeleton: haemal spines and hypurals. Each of these 
structures usually articulates with a single caudal hypaxial ray, except for the precurrent 
rays, several of which can articulate with the same haemal spine. The epaxial caudal 
fin rays are shorter than the hypaxial rays; only the four to six longest, posteriormost 
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ones of them being segmented, and eventually branched (this cannot be seen in the 
longest individual, the holotype, whose caudal fin is broken, but paratype MCCM LH 
3750 presents two epaxial rays branched). Most epurals articulate with more than one 
epaxial caudal ray. New taxon #2 lacks fringing fulcra in its caudal fin in all specimens 
where this region is well preserved.
There is, at least, one urodermal (ud) located right posterior to the last ural neural 
spine (Fig 2.50).
Figure 2.49. New taxon #2. A) Close-up of caudal fin of specimen MCCM LH 20602 (holotype), 
coated with ammonium chloride. B) Interpretative drawing of specimen in A. Scale bar equals 5 cm. 
Abbreviations on pp. 70.
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Figure 2.50. New taxon #2. Close-up of posterior ural region of vertebral column of specimen MCCM 
LH 37150b (paratype). Scale bar equals 3 mm. Abbreviations on pp. 70.
SCALES
Scales— Terminology for scales description is explained in detail in the Material 
and Methods section (Chapter 1.6). Scales are organized in approximately 20 horizontal 
rows and about 70 vertical rows in New taxon #2. The anteriormost scales articulate with 
the pectoral girdle and the opercular series. Scales extend all the way back to the caudal 
fin, even overlapping the proximal part of the caudal fin rays. The surface overlapped 
by each adjacent scale exceeds half the length of the subsequent scale. The scales of 
contiguous rows slightly overlap each other laterally as well. The shape of the scales, 
elongated-ovoid in contour, remains approximately constant throughout the body of the 
fish, being the posteriormost ones comparatively shorter. The size of the scales is also 
approximately constant, being only slightly smaller in the ventral region between the 
pectoral fins.
The scales of New taxon #2 fit into the common amioid-scale type; they are thin 
and present numerous ridges that run approximately parallel to each other in an antero-
posterior direction, instead of describing concentric circles (circuli). As happens in 
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New taxon #1, the scales lack structures typical of other neopterygian groups (e.g., ctenii, 
radii, enamel tissue, vascular canals, thick bony base, peg-and-socket articulation).
The scales of New taxon #2 (Fig 2.51) have a well defined focus, located very 
close to the posterior edge of the scale. Consequently, the posterior field is very small, 
notably smaller than that in the scales of New taxon #1. This posterior field is extremely 
thin, and it is usually not even preserved or is very hard to observe. The transverse line 
is well defined and runs, thus, very close to the posterior edge of the scale, from the 
focus to the posteroventral and posterodorsal borders of the scale. These borders, due 
to the ellipsoidal rather than quadrangular contour of the scale, are located anterior to 
the focus; as a consequence, the transverse line is curved. All ridges start from the focus, 
some of them, the most lateral ones, being very curved. The ridges in the lateral fields 
tend to end at the anterodorsal and anteroventral corners of the scale. In the anterior 
field, the ridges run straighter, nearly parallel to each other, although they zig-zag at the 
crests, ending at the anterior margin of the scale. In the posterior field, the short ridges 
run fairly straight from the focus towards the posterior edge of the scale. Crests (which 
usually correspond to growth cessation marks; see Chapter 6) are clearly distinguishable 
in all the fields, but especially in the anterior field. Anastomoses are very hard to identify 
in the scales of New taxon #2. When they are observable, they are located at the corners 
of the crests in the junction of the lateral and the anterior fields of the scale. In medial 
view, the scales present a thicker surface located closer to the posterior than to the 
anterior edge of the scale, very similar to that present in the scales of New taxon #1, 
but smaller; it also presents an ornamentation formed by small tubular tubercles. The 
scales of the lateral line bear a small ossified tube running longitudinally throughout the 
central axis of the scale (Fig 2.51b).
Figure 2.51. New taxon #2. A) Specimen MCCM LH 26924, isolated scale. B) Disarticulated lateral line 
scale from specimen MCCM LH 9648b, showing thin tube-like ossification for passage of the lateral 












The family Amiidae includes four subfamilies (Fig 3.1), whose interrelationships 
are well-established: {Amiopsinae + [Solnhofenamiinae + (Vidalamiinae+Amiinae)]}. In 
addition, the genus Nipponamia (Yabumoto, 1994) is also included; its affinities with the 
other amiid clades are uncertain, although it seems not to belong to the Amiopsinae or 
Amiinae. The genus Tomognathus presents an undetermined position as well, but it is 
seems to be related to the Amiidae (Forey and Patterson, 2006; Cavin et al., 2007a; Cavin 
and Giner, 2012).
Figure 3.1. Phylogeny of the Amiidae (from Grande and Bemis, 1998).
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The Amiopsinae is a monotypic subfamily with five valid species whose 
interrelationships are still uncertain. The genus Amiopsis, firstly named by Kner (1863) 
and later described by Kramberger-Gorjanović (1895), is currently diagnosed by the 
following character (Grande and Bemis, 1998): presence of three or more lateral fossae 
on each side of most autocentra. It is a multistate character with some homoplastic issues 
(see Grande and Bemis, 1998: 483-484, 575, 596), so the support for the monophyly of 
this monotypic clade is weak. Amiopsins also differ from other amiids in having 15 or 
more supraneurals; fewer (14-19) segmented dorsal fin rays in large individuals; and a 
higher ratio of predorsal length to standard length. 
[Solnhofenamiinae + (Vidalamiinae + Amiinae)] constitute a clade named 
hypersubfamily Amiida by Grande and Bemis (1998), which also includes Nipponamia. 
This clade is diagnosed by the following characters: occiput extends posterior to proximal 
ends of exoccipitals (as commented above, its condition is unknown in Amiopsis, so this 
character can be placed as diagnostic either for Amiidae or for Amiida); phylogenetic loss 
of the lateral fossae in the sides of the vertebral autocentra (homoplastic character that 
can also be interpreted as independently derived for Amiopsinae; see above); reduction 
in the number of supraneurals to a range of 5-14. 
Solnhofenamiinae is another monotypic subfamily with only one species 
recognized so far, Solnhofenamia elongata. It is diagnosed by the following three 
characters (Grande and Bemis, 1998): opercle extremely wide, with width-to-height 
ratios of 1.07 or more (character convergent with tribe Vidalamiini); shape of the 
infraorbital two (io2) is peculiar in being very long, thin and tube-like, even in large 
individuals; (3) high number of epaxial procurrent caudal fin rays (12-15; character with 
a range overlapping that of Pachyamia mexicana).
(Vidalamiinae+Amiinae) constitute a clade named supersubfamily Amiista by 
Grande and Bemis (1998). It is diagnosed by the following four characters: presence of 
two separate articular ossifications (not contacting each other) in the lower jaw; loss 
of suborbital bones; presence of strong coarse ornamentation on most of the dermal 
bones of the head; parietals relatively long, with a width-to-length ratio not exceeding 
0.90 (character highly homoplastic).
Vidalamiinae is the subfamily including the most amiiform genera, up to six, 
and is probably the most geographically widespread as well. It is divided into two 
tribes, Calamopleurini and Vidalamiini (Grande and Bemis, 1998). The Vidalamiinae 
are diagnosed by the following characters: extremely high number of ural autocentra 
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(11-22) in the caudal skeleton; preopercle uniquely shaped, with a greatly expanded 
crescent shape, tapering dorsally and ventrally; acrodin caps of larger jaw teeth in large 
adult-sized individuals sharply carinate (keeled) and labiolingually compressed (character 
convergent with Caturidae and Lepisosteidae); lateral edge of the posttemporal bone 
relatively elongate, about equal to or greater than the width of the anterior edge 
(character convergent with some sinamids).  Grande and Bemis (1998) also discuss 
another feature for vidalamiines, which is the large maximum size attained by these 
fishes.
The Tribe Calamopleurini contains Calamopleurus and Maliamia, with a total of 
four valid species. It is a very strong clade defined by these characters: posterior margin 
of caudal fin straight and nearly vertical; extreme elongation of opercular process of 
hyomandibular bone; all teeth of all coronoids in large adult individuals arranged into a 
single row; teeth of the vomerine tooth patch arranged into a single anterior marginal 
row, plus one or more teeth in a longitudinal series perpendicular to the anterior 
marginal row (character convergent with Caturidae, where it is polymorphic); presence 
of several elongate rod-like structures fused to the posterior end of the dermopterotic, 
termed dermopterotic ribs; loss of tight suture of dermosphenotic to other bones of the 
braincase, even in large adults; and posterior margin of gular deeply scalloped, with a 
series of sharp points and concavities.
The Tribe Vidalamiini includes Vidalamia, Cratoamia, Pachyamia, and Melvius, 
with a total of six valid species. It is also a very strongly supported clade, with the following 
diagnostic characters: extremely high number of epurals (10-15); basipterygium with a 
uniquely derived shape, having a long, rod-like proximal end, and an expanded distal end; 
postmaxillary process enlarged to be thick and elongate; distal ends of pleural ribs flatly 
truncated, even in large adults (its occurrence in Vidalamia catalunica needs be verified, 
but no large specimens have ever been found); gular outline oval, without anterior acute 
apex; presence of a uniquely derived ornamentation pattern on the opercle, consisting 
of strong, continuous, straight lines and grooves converging on anterodorsal corner of 
the bone; frontals relatively elongate and narrow, with a width-to-length ratio of 0.13 to 
0.21; dermopterotic with a subrectangular shape, not substantially tapered anteriorly 
or widened posteriorly; opercular bone extremely wide, with a width-to-height ratio of 
1.07 or more (character convergent with Solnhofenamia). 
The subfamily Amiinae includes the crown-group of the Amiidae and the 
Amiiformes. Up to now, it contains 13 valid species distributed in two well-recognized 
genera, Amia and Cyclurus, plus the somehow controversial Pseudamiatus and “Amia” 
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hesperia. The only extant species of the order, Amia calva, belongs to this subfamily. 
The Amiinae is a strongly supported clade, diagnosed by the following characters 
(Grande and Bemis, 1998): reduction of the number of supraneurals to 11 or fewer; 
fusion of each hypural except the first to its corresponding autocentrum; presence of 
well-developed parapophyses fused to most of the abdominal autocentra (character 
convergent with Lepisosteidae); loss of ossification of the scapulocoracoid; loss of all 
supraorbital bones; loss of all urodermals in caudal skeleton; loss of an ossified sclerotic 
ring (character convergent with Ginglymodi); (8) presence of a very long dorsal fin with 
36 to 53 segmented rays, 37 to 52 dorsal proximal radials and a bow-shaped distal fin 
margin; (9) uppermost postinfraorbital of adult-sized individuals relatively elongated, 




All phylogenetic analyses that have been carried out to include newly described 
amiiforms since 1998 (e.g., Yabumoto, 1994; Cavin and Giner, 2012) are based on the 
data matrix developed by Grande and Bemis (1998). This data matrix originally includes 
69 morphologic characters. Most of these characters refer to the presence/absence 
of skeletal features, but some others are defined as proportions between structures. 
Some of the characters, such as the presence/absence of opisthotic (character 51), the 
presence/absence of pterotic (character 52), or the sensory canal piercing an innerorbital 
flange in the dermosphenotic (character 63) are often very difficult or impossible to 
check in most fossil species, and are thus usually coded as unknown in the data matrix.
Grande and Bemis (1998) carried out two phylogenetic analyses. The first one (Fig 
3.2) included the 22 amiid taxa for which most character states could be codified, that is, 
the lowest number of incertainties (0 - 36% of missing data). The second analysis (Fig 3.3) 
included six more amiid taxa, for which a large proportion of characters were codified 
as unknown because they were described from incomplete specimens or because their 
preservation did not allow for an accurate observation (58 – 97% of missing data). The 
results of both analyses were in general mostly consistent with each other.  The main, 
remarkable difference is that in the second analysis the nodes resolving the phylogenetic 
relationships among amiid subfamilies collapse, and a large polytomy including all 
Amiopsis species, Solnhofenamia elongata, Vidalamiinae and Amiinae appears. The 
second analysis also presents new polytomies within well-defined groups (e.g., within 
the genus Amia and within the tribe Vidalaminii), which are to be expected because of 
the inclusion of poorly-defined taxa.
Additionally, a total of seven non-amiid amiiforms are included in the data 
matrix. These are representatives of Sinamiidae and Caturoidea. Finally, five species 
of non-amiiform fishes are included as well, representing the Ionoscopiformes and 
Parasemionotiformes, and, as outgroup to them all, three primitive teleosts and a 
lepisosteiform.
In subsequent papers, two more taxa were added to the matrix. Cratoamia 
gondwanica (Brito et al., 2008), known from very complete material from the Lower 
Cretaceous Crato Formation of Brazil (14.5% missing data), falls within the tribe 
Vidalamiini, as the sister group of Pachyamia. Tomognathus mordax was revised by 
Forey and Patterson (2006) on the basis of new partial material (39% missing data) from 
the Upper Cretaceous English Chalk long after the original description by Dixon (1850). 
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It was later revisited by Cavin and Giner (2012). This species has been alternatively 
placed within the Amiinae (sister group to Amia + Cyclurus gurleyi), as the sister group 
of Sinamiidae, or forming a basal polytomy for the superfamily Amioidea (Forey and 
Patterson, 2006; Cavin et al., 2007a; Cavin and Giner, 2012).
Cavin and Giner (2012) added three new characters to the original data matrix. 
Character 70 refers to whether the premaxillae are free or fused together; character 
71 refers to the number of coronoid bones (several, one or no coronoids present); and 
character 72 refers to the presence of two or only one dermopalatine ossifications. 
These three characters, however, have not been used in the present analysis, because 
characters 71 and 72 are missing data for a large proportion of the taxa, while characters 
70 and 71 are autapomorphies of the species of Thomognathus, and are consequently 
uninformative characters for the analysis of the phylogenetic relationships of the 
Amiidae. 
Cavin and Giner (2012) also made modifications in the definition of the states 
of two characters (17 and 26) of the original list. These changes have been taking into 
account in the data matrix used here, even though they are autapomorphies and thus do 
not imply any changes in the phylogeny.
A more complex and extensive data matrix has been lately developed for 
neopterygian fishes (Grande, 2010), which has served for a new large-scale phylogentic 
hypothesis on the relationships of this group (i.e., the Halecostomi vs. Holostei 
controversy) and subsequently of the groups within it (e.g., Cavin, 2010; López-Arbarello, 
2012). However, this matrix was primarily developed in order to identify the phylogenetic 
relationships of the Lepisosteiformes, which have seven extant representatives. This 
is the reason why it includes characters relative to soft tissues, as well as others that 
are of difficult observation in fossils, and many that are not applicable in amiiforms. 
Besides, this new matrix of 2010 includes only two amiids and one caturid, and the new 
characters have not been checked for all the rest of amiiform fishes. Thus, in the present 
work the original character list and data matrix by Grande and Bemis (1998) will be used 
for the present phylogenetic analysis.
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Figure 3.2. Strict consensus tree of the first phylogenetic analysis by Grande and Bemis (1998), which 
excludes the taxa with 58-97% of missing data (from Appendix C in Grande and Bemis, 1998).
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Figure 3.3. Consensus tree of the second phylogenetic analysis by Grande and Bemis (1998), which 
includes the taxa with 58-97% of missing data (from Appendix F in Grande and Bemis, 1998).
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3.3 CHARACTER CODIFICATION FOR THE NEW TAXA 
FROM LAS HOYAS
In this section, the list of the 69 characters of the data matrix by Grande and Bemis 
(1998) is deployed in order to show the codification of the states for every character in 
the three amiiform taxa from Las Hoyas. Character states that are difficult to interpret in 
any of the taxa are discussed; otherwise, only the codification of the corresponding state 
is noted. For a full discussion of each particular character, see Grande and Bemis (1998).




New taxon #1: 1
New taxon #2: 1
(2) Posterior extent of exoccipitals.
0 = reaches posterior margin of occiput
1 = does not reach posterior margin of occiput
“Caturus”: ?
New taxon #1: ?
New taxon #2: ?




New taxon #1: 1
New taxon #2: 1
(4) Lateral fossae of vertebral autocentra.
0 = present, with two pits on each side of most autocentra
1 = present, with three or more pits on each side of most of the autocentra
2 = absent, autocentra smooth-sided
“Caturus”: N (not applicable). No ossified autocentra are present.
New taxon #1: 1. Three fossae are observable in the majority of autocentra, 
especially on the abdominal vertebrae, even though all specimens present 
several autocentra with only two fossae.




0 = 15 or more
1 = 13 to 14
2 = 5 to 11
3 = less than 5
“Caturus”: 0
New taxon #1: [01]. The number of observed supraneurals ranges from 12 to 15, 
with 14 and 15 as modal values.
New taxon #2: 3. They are only observable in one of the largest individuals, the 
paratype, specimen MCCM LH 37150. In the largest individual, the holotype, 
this region of the body is not clearly visible, and no supraneurals can be clearly 
identified.
(6) Articular ossification of lower jaw.
0 = a single element, or two elements tightly sutured to each other
1 = two separate elements not in contact with each other
“Caturus”: ?
New taxon #1: 0
New taxon #2: 1
(7) Presence/absence of suborbital bones.
0 = one or more present
1 = absent
“Caturus”: ?
New taxon #1: 1
New taxon #2: 1
(8) Strength of ornamentation on dermal bones of skull.
0 = weak and/or fine
1 = strong, coarse
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1
(9) Hypural-ural autocentra fusion.
0 = all hypurals autogenous (distinct) from the ural autocentra
1 = all but first hypural fused to corresponding autocentra 
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0







New taxon #1: 0
New taxon #2: 0
(11) Presence/absence of substantial scapulocoracoid ossification.
0 = one or more elements present in the shoulder girdle
1 = absent
“Caturus”: ?
New taxon #1: ?. Not clearly observable in any specimen, as the scapulocoracoid 
ossification, when present, lies behind the cleithrum, and this bone is always 
exposed in lateral view. Specimen MCCM LH 374Ra/b shows a small ossification 
that might correspond to the scapulocoracoid complex, but it is not clearly 
interpretable.
New taxon #2: 0. Clearly observable in the paratype, specimen MCCM LH 37150.
(12) Presence/absence of supraorbital bones.
0 = two or more present
1 = absent
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0




New taxon #1: 0
New taxon #2: 0




New taxon #1: 0
New taxon #2: 0
(15) Size and shape of dorsal fin.
0 = short, with straight to falcate margin, 14-25 segmented rays and 14-25 
proximal radials
1 = medium long, with bow-shaped or straight margin, 30-34 segmented rays, 
and an estimated 30-34 proximal radials
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2 = very long, with bow-shaped margin, 36-47 segmented rays, and 37-48 dorsal 
proximal radials
3 = extremely long, with bow-shaped margin, 48-53 segmented rays, and 49-54 
proximal radials
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1. This species presents 26-28 segmented rays and 25-27 proximal 
radials. While these values do not fit into the ranges of any of the character states, 
the dorsal fin of this taxon is clearly not short, and does not present a straight to 
falcate margin; it is rather a long fin, with a bow-shaped margin. This indicates 
that the character state definition is in need of revision.
(16) Morphology of teeth on anterior coronoid and vomer.
0 = conical, with pointed tips
1 = styliform, with broadly rounded or flattened tips
N = no anterior coronoids
“Caturus”: ?
New taxon #1: 0. The vomer is not clearly observable in any known specimen, but 
the anterior coronoid bear conical teeth with pointed tips.
New taxon #2: 0. Both vomer and coronoids bear conical teeth with pointed tips; 
these are best observed in the paratype, specimen MCCM LH 32777.
(17) Anterior extent of parasphenoid tooth patch.
0 = extends well anterior to the lateral ascending arms of parasphenoid
1 = short, does not extend anterior to the lateral ascending arms
2 = parasphenoid tooth patch absent
“Caturus”: ?
New taxon #1: 0
New taxon #2: ?
(18) Parietal length.
0 = relatively long, with width-to-length ratio range not exceeding 0.90
1 = relatively short, with a width-to-length ratio range well exceeding 0.90
“Caturus”: 1
New taxon #1: 1
New taxon #2: 0
(19) Number of ural autocentra.
0 = 10 or fewer
1 = 11 to 22
“Caturus”: 0
New taxon #1: 0
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New taxon #2: 1
(20) Shape of preopercular bone.
0 = L-shaped
1 = crescent-shaped, long and narrow
2 = crescent-shaped, wide in middle, tapering dorsally and ventrally
3 = ovoid
“Caturus”: 1
New taxon #1: 1
New taxon #2: 2
(21) Morphology of caps of the jaw teeth.
0 = round in cross-section, not sharply carinate
1 = labiolingually compressed, sharply carinate (keeled)
“Caturus”: 0
New taxon #1: 1
New taxon #2: 1
(22) Lateral edge of posttemporal.
0 = shorter than length of anterior edge
1 = elongate, about equal to or greater than width of anterior edge
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1
(23) Shape of posterior margin of caudal fin.
0 = forked
1 = convexly rounded
2 = straight and nearly vertical
“Caturus”: 0
New taxon #1: 1
New taxon #2: 1




New taxon #1: 0. Best observed in the MCCM LH 9645 holotype specimen.
New taxon #2: 0
(25) Number of tooth rows on coronoid bones.
0 = two or more rows for at least part of one or more coronoids
1 = one row




New taxon #1: 0
New taxon #2: 0
(26) Arrangement of vomerine teeth.
0 = tooth patch with two to several rows of teeth
1 = tooth patch with only a single anterior marginal row, plus one or more teeth 
in a longitudinal series perpendicular to the anterior marginal row
2 = tooth patch arranged as a single transverse row
“Caturus”: ?
New taxon #1: ?
New taxon #2: 0. Only observable in the paratype, specimen MCCM LH 32777.




New taxon #1: 0





New taxon #1: 0
New taxon #2: 1. The number of observable epurals ranges from 7 to 10. Most 
examined specimens present 9-10 epurals, including the holotype, which presents 
10 clearly distinguishable epurals. This shows that the definition of the states of 
this character needs to be revised.
(29) Shape of basipterygium.
0 = proximal end flat and widened anteriorly
1 = proximal end long and rod-like, without significant widening anteriorly
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1
(30) Postmaxillary process under postmaxillary notch.
0 = tiny or absent
1 = thick and elongate
“Caturus”: ?
New taxon #1: 0
New taxon #2: 1
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(31) Morphology of pleural ribs.
0 = distal ends pointed or with rounded points
1 = distal ends flatly truncated, even in large adults
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1
(32) Shape of gular.
0 = subtriangular or subrectangular with acute rounded anterior apex
1 = broad, oval, without acute anterior apex
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1





New taxon #1: 0
New taxon #2: 1
(34) Frontal width in adult-sized individuals.
0 = relatively wide, with a width-to-length ratio of 0.26 to 0.65
1 = relatively narrow, with a width-to-length ratio of 0.13 to 0.21
“Caturus”: ?
New taxon #1: 0
New taxon #2: 1
(35) Shape of dermopterotic.
0 = greatly widened posteriorly and tapered anteriorly
1 = subrectangular, not substantially tapered anteriorly or widened posteriorly
“Caturus”: ?
New taxon #1: 0
New taxon #2: 1
(36) Width of opercular bone.
0 = narrow, with width-to-height ratio of 0.56 to 1.06
1 = wide, with width-to-height ratio in range of 1.07 to 1.39
“Caturus”: 0
New taxon #1: 0
New taxon #2: 1
(37) Presence of an interfrontal fontanelle in adult-sized individuals.
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0 = absent: frontals sutured to each other medially for their entire length
1 = frontals separated for about one-half their length or more by a fontanelle
“Caturus”: ?
New taxon #1: 0
New taxon #2: 0
(38) Position of dermosphenotic relative to orbit.
0 = anterior or anteroventral margin of dermosphenotic included in circumorbital 
margin, even in large individuals of 200 mm SL or more
1 = dermosphenotic excluded from orbital margin in large individuals of 200 mm 
SL or more
“Caturus”: ?
New taxon #1: 0
New taxon #2: 0
(39) Shape of supramaxilla.
0 = elongate
1 = extremely deep, shaped like a rounded triangle
“Caturus”: ?
New taxon #1: 0
New taxon #2: 1
(40) Number of preural vertebral autocentra (preural autocentra = abdominal plus 
preural caudal autocentra).
0 = 40 to 73
1 = 75 to 82
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0
(41) Shape of posterior end of posttemporal in adult-sized individuals.
0 = elongate, with rounded apex or apices
1 = elongate but abruptly truncated
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0




New taxon #1: 0
New taxon #2: 0
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(43) Shape of infraorbital two (anterior subinfraorbital) bone in adult-sized 
individuals.
0 = short, subrectangular, longer than deep
1 = subrectangular, deeper than long
2 = long, very thin, tubelike
3 = posteriorly expansive, tapering anteriorly
“Caturus”: ?
New taxon #1: 0
New taxon #2: 0
(44) Number of epaxial precurrent caudal fin rays.
0 = 0 to 11
1 = 12 to 15
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0




New taxon #1: 1
New taxon #2: 1
(46) One-to-one arrangement of hypurals and caudal fin rays.
0 = last few hypurals each articulate with the bases of several caudal fin rays
1 = each hypural normally bears a single caudal fin ray
“Caturus”: 0
New taxon #1: 1
New taxon #2: 1
(47) Number of ossified ural neural arches.
0 = normally four or more
1 = normally 2 or fewer
“Caturus”: 1
New taxon #1: 1
New taxon #2: 1
(48) Number of parietal bones.
0 = paired parietals normally present
1 = only a single median parietal present
“Caturus”: ?
New taxon #1: 0
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New taxon #2: 0
(49) Number of pairs of extrascapular bones.
0 = only one pair present
1 = three pairs normally present
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0
(50) Dermopterotic length to parietal length.
0 = dermopterotic significantly longer
1 = lengths about equivalent
“Caturus”: ?
New taxon #1: 0





New taxon #1: ?





New taxon #1: ?
New taxon #2: ?




New taxon #1: 0
New taxon #2: 0
(54) Number of branchiostegal rays.
0 = 21 or fewer
1 = 22 or more
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0






New taxon #1: 0
New taxon #2: 0
(56) Dermosphenotic attachment to skull roof.
0 = loosely attached on the skull roof or hinged to the side of skull roof
1 = firmly sutured into skull roof, forming part of it
“Caturus”: ?
New taxon #1: 1
New taxon #2: 1
(57) Shape of rostral bone.
0 = plate-like or short tube-like, without lateral horns
1 = roughly V-shaped, with lateral horns
“Caturus”: 1
New taxon #1: 1
New taxon #2: 1
(58) Lacrimal shape.
0 = longer than deep, and smaller than orbit
1 = deeper than long, and massive (about size of orbit)
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0
(59) Posterior extent of maxilla.
0 = extends to below posterior orbital margin
1 = does not extend below posterior orbital margin
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0




New taxon #1: 0
New taxon #2: 0
(61) Symplectic involvement in jaw joint.
0 = does not articulate with lower jaw




New taxon #1: 1
New taxon #2: 1
(62) Shape of posterior margin of maxilla.
0 = convexely rounded or straight
1 = excavated (concave or with a posterior maxillary notch present)
“Caturus”: ?
New taxon #1: 1
New taxon #2: 1
(63) Innerorbital flange of dermosphenotic.
0 = smooth, without sensory canal
1 = bearing sensory canal tube
“Caturus”: ?
New taxon #1: ?
New taxon #2: ?
(64) Posterior margin of gular.
0 = smooth
1 = deeply scalloped with a series of sharp points and concavities
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0
(65) Shape of haemal spines.
0 = spine-like or rod-like
1 = broadly spatulate in the transverse plane
“Caturus”: 0
New taxon #1: 0
New taxon #2: 0
(66) Relative size of last infraorbital (uppermost postinfraorbital).
0 = short, much shorter than lowermost postinfraorbital
1 = long, about equal in length to lowermost postinfraorbital
“Caturus”: ?
New taxon #1: 0
New taxon #2: 0
(67) Orientation of preural haemal and neural spines near caudal peduncle.
0 = positioned at about 25° to 45° from the horizontal
1 = strongly inclined to nearly horizontal
“Caturus”: 0
New taxon #1: 0
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New taxon #2: 0




New taxon #1: 1






New taxon #1: 1
New taxon #2: 1
In summary, for the “Caturus”-like taxon from Las Hoyas a total of 26 characters 
could not be codified, which corresponds to a 37.7% of missing data. Only six out of 69 
characters could not be codified for New taxon #1, which corresponds to an 8.7% of 
missing data. And finally, for New taxon #2, only five out of 69 characters, or a 7.2%, 
remain as missing data. These values are within the range of missing values for the 
taxa included in the first phylogenetic analysis by Grande and Bemis (1998), comprising 




The program TNT software version 1.1 (May 2013: Goloboff et al., 2008) was used 
for the phylogenetic analysis. The final data matrix used in the analysis is in Phylogenetic 
Appendix (Section 11.1).
The search options from TNT software do not run either exhaustive or heuristic 
searches as these are traditionally understood (e.g., Forey et al., 1992). The Implicit 
Enumeration option guarantees finding all optimal trees by using a branch-and-bound 
algorithm, very similar to an exhaustive search. However, this kind of search is only useful 
for small data sets (preferably for less than 15 taxa, and a maximum of 30). For larger data 
matrices, this search option is quite impractical, as happens for traditional exhaustive 
searches (for example, for a 12 taxa data matrix, more than 600 million trees must be 
evaluated; Hammer and Harper, 2006). The Traditional Search option uses multiple 
random addition sequences followed by branch-swapping algorithms, where the number 
of random addition and the amount of trees per replication can be set, thus providing a 
result roughly equivalent to that of a heuristic search (Goloboff et al., 2008). This kind of 
search was conducted in order to analyze the phylogenetic relationships of amiid fishes, 
including the new taxa from Las Hoyas. Options were set for 1000 replications (additive 
sequences) and 100 saved trees per replication. The branch-swapping algorithm used was 
tree-bisection-reconnection (TBR). Tree-bisection-reconnection is the most complete 
and most commonly used branch-swapping algorithm. Briefly, the tree is divided into 
two parts, and these are reconnected through every possible pair of branches in order 
to find a shorter tree. This is done after each taxon is added, and for all possible divisions 
of the tree (Hammer and Harper, 2006). 
All characters were processed as unordered, and all of them contributed with 
the same weight to the analysis. Atractosteus spatula, the extant gar (lepisosteiform) 
included in Grande and Bemis (1998) analysis was established as outgroup. This outgroup 
was chosen despite the more recent acceptance of a closer relationship between 
halecomorphs and gynglimodians than between either of them and the teleosts (i.e., 
the resurrection of Holostei; Grande, 2010), on the basis of the results on the original 
analysis using this data matrix (Grande and Bemis, 1998). It seems clear that a new 
alternative, ideally composed outgroup should be used in future analyses.
Consistency and retention indices were calculated. The consistency index 
measures de degree of homoplasy in a tree, either for a single character (ci) or for the 
sum of al characters (CI), and is calculated by dividing the smallest number of character 
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changes (steps) by the actual number of character changes (Kluge and Farris, 1969). 
The retention index measures the amount of character state similarity that can be 
interpreted as synapomorphy, either for a single character (ri) or for the sum of all 
characters (RI). It is calculated as the largest possible number of character changes (or 
steps) minus the actual number of changes, divided by the same largest number of 
changes minus the smallest possible number of changes (Farris, 1989). Both indexes 
are comprised between 0 and 1; 0 meaning a low phylogenetic signal (i.e., high amount 
of homoplasy and low of synapomorphy), and 1 meaning a good phylogetic signal (i.e., 
most of the similarity can be explained as synapomorphic).
A strict consensus tree, which includes only the clades which are found in all the 
shortest trees (Hammer and Harper, 2006) was elaborated with the most parsimonious 
trees obtained after the search.
A Bremer support analysis was also carried out to further assess the robustness 
of the nodes of the resulting phylogenetic hypotheses. A Bremer support (Bremer, 1994) 
consists in looking which clades are supported not only on the most parsimonious trees, 
but also in less parsimonious trees (i.e., longer trees). For this purpose, new series of 
phylogenetic analyses are forced in order to find the configurations with successive 
longer trees, called suboptimals: L+1, L+2, L+3, and so on (L being the treelength of the 
original most parsimonious trees). In the present analysis, searches were forced up to 
five additional steps (L+5).
RESULTS
Only two most parsimonious trees resulted from the heuristic search (Figs 3.4-
3.5). Both trees have a length of 129 steps. The consistency index (CI) obtained was 
0.636. This is a relatively high CI, especially taking into account that the CI decreases as 
the number of taxa and characters increase (see Klassen et al., 1991), which implies that 
there is a relatively low proportion of homoplastic characters in the data matrix; in other 
words, the characters utilized bear an overall strong phylogenetic signal. The retention 
index (RI) obtained was 0.885, which is a very high value, implying that a high amount 
of similarity can be interpreted as synapomorphy, which in turn means that there is 
little homoplasy and a clear phylogeny (e.g., Hammer and Harper, 2006). The analysis 
by Grande and Bemis (1998) had a CI of 0.69, and a RI of 0.90; this means that the 




Figure 3.4. First most parsimonious tree obtained in the TNT Traditional Search. Amiiform taxa from 
Las Hoyas in grey.
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Figure 3.5. Second most parsimonious tree obtained in the TNT Traditional Search. Amiiform taxa from 
Las Hoyas in grey.
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Figure 3.6. Strict consensus tree of the two most parsimonious trees from figures 3.4 and 3.5. Bremer 
support values are noted for each node.
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A strict consensus tree was elaborated with the two most parsimonious trees (Fig 
3.6). Bremer support for the nodes are noted on the consensus tree.
DISCUSSION
 
“Caturus”-like new taxon from Las Hoyas
The only difference between both most parsimonious trees resides in the 
position of the “Caturus”-like taxon from Las Hoyas. In the first phylogenetic hypothesis, 
it appears as the sister group to all other caturoids (stem group Superfamily Caturoidea), 
whereas in the second hypothesis it is the sister group to all other amioids (stem group 
Superfamily Amioidea). In consequence, this taxon appears in a polytomy at the base 
of the Order Amiiformes in the strict consensus tree, together with the two currently 
accepted superfamilies. Note that despite forming a basal polytomy, it should not be 
interpreted as a three different possibilities representation, because the combination 
[“Caturus” + (Caturoidea + Amioidea)] is not actually contemplated in any of the two 
most parsimonious trees. Thus, this new taxon lies within the Order Amiiformes, at least 
in this analysis, and it being the sister group of this order is not a possibility.
Furthermore, the “Caturus”-like taxon from Las Hoyas presents two or fewer 
ossified ural neural arches, the derived state of the character diagnosing the Amiiformes 
(character 47, Fig 3.7). The other two characters in the diagnosis of the order, the 
absence of opisthotic and pterotic bones, cannot be verified. This means that this taxon 
actually fits into the current diagnosis of the group, in lack of information for these two 
characters that are very difficult to observe in fossils.
As its previous taxonomical assessment shows, this taxon from Las Hoyas has 
always been considered a caturid (family Caturidae), that is, it was considered to be 
closer to Caturus and Amblysemius than to Liodesmus. However, none of the two most 
parsimonious phylogenetic hypotheses obtained here agrees with this relationship. In 
fact, this new taxon does not share the diagnosing characters for the family Caturidae: 
the presence of paired, block-like ural neural arch ossifications (character 55, Fig 3.8); 
and four or more ossified ural neural arches (a reversal from the derived state of the 
diagnostic character for Amiiformes).
Moreover, this new taxon does not even share some of the diagnosing characters 
for the superfamily Caturoidea: 22 or more branchiostegal rays on each side (character 
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54) and haemal spines broadly spatulate in the transverse plane (character 65). It does 
not present fringing fulcra on the median fins either; such absence is a synapomorphy of 
amioids (character 45). As far as can be seen in the currently known material, it does not 
present sharply carinate acrodin caps on the larger jaw teeth either, typical of caturoids 
(character 21). The preural haemal and neural spines near its caudal peduncle region are 
more inclined in a horizontal orientation than in other amiiforms, but they are clearly 
not as strongly inclined as in caturoids (character 67). This new taxon does, however, 
present an extremely slender, rod-like maxilla, which is the last diagnosing character of 
Caturoidea (character 53).
In summary, this taxon shares character 53 with all caturoids and characters 47 
and 55 with primitive caturoids (although not with caturids), while it shares characters 
21, 45, 54, 65 and 67 with amioids (Figs 3.7-3.8).
The “Caturus”-like taxon from Las Hoyas constitutes thus a good example of 
“mosaic evolution”: it presents characters of both amioids and caturoids. This combination 
of primitive and derived characters is unique, so erecting a new species for this taxon 
is justified. In this sense, it exemplifies very appropriately the evolution of characters at 
various rates, as Carroll (1997) defines mosaic evolution or modular evolution. It can, 
thus, humbly join Archaeopteryx lithographica (Meyer, 1861), Darwinopterus modularis 
(a long-tailed pterosaur with a pterodactyloid skull; Lü et al., 2010) and many other 
famous examples of mosaic evolution, which have been historically very important, 
among other things, for revealing a whole new part of the early phylogenetic history of 
their respective groups. This new taxon too sheds light onto the early history of amiiform 
fishes, revealing that the evolution of the characters that define the basal, large-scale 
groups within the order were acquired by more primitive, still unknown taxa, and that 
they evolved at different rates. The early division of amiiforms into two superfamily 
groups might thus not be so simple, but this will only be clarified with the finding of new 




Figure 3.7. State changes in characters 21, 45, 47 and 53, relevant in defining the phylogenetic position 
of the “Caturus”-like new taxon from Las Hoyas, as mapped on the strict consensus tree.
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Figure 3.8. State changes in characters 54, 55, 65 and 67, relevant in defining the phylogenetic position 




New taxon #1 appears in both most parsimonious trees as the sister group to the 
subfamily Vidalamiinae (stem-group Vidalamiinae), which remains as a monophyletic 
clade with a strong Bremer support of 3. Even though the support for the node (New 
taxon #1 + Vidalamiinae) is relatively low (Bremer support of 1), this shows that New 
taxon #1 is closer to vidalamiins than to Amiopsis, in opposition to what has traditionally 
been suggested. Moreover, even if this low-support node collapsed, New taxon #1 and 
Vidalamiinae would still be closer to Solnhofenamia than to Amiopsis. Two characters 
define the position of this taxon as the sister group of the previously known subfamily 
Vidalamiinae: the absence of suborbital bones (character 7, Fig 3.9), which is a derived 
state also shared with Amiinae; and the presence of labiolingually compressed, sharply 
carinate caps of the jaw teeth (character 21, Fig 3.10). Character 4, the presence of 
lateral fossae on the vertebral autocentra, is interpreted as a convergence in New taxon 
#1 and Amiopsis. However, this characters shows a higher variability than previously 
documented. New taxon #1 presents two fossae on some autocentra, and three on 
other autocentra, especially on the abdominal region.
New taxon #1 differs from the subfamily Vidalamiinae in a series of characters 
(Figs 3.9-3.11): presence of a single articular element on the lower jaw (character 6), 
absence of strong ornamentation on the dermal bones of the skull (character 8), relatively 
short parietal (character 18), low number of ural autocentra (10 or fewer, character 19), 
preopercular bone long and narrow, crescent-shaped (character 20), and posttemporal 
with a lateral edge shorter than the anterior edge (character 22).
Since this form presents a unique combination of characters, it clearly represents 
a new species. Taking into account its position on the most parsimonious trees, it has to 




Figure 3.9. State changes in characters 4, 6, 7 and 8, relevant in defining the phylogenetic position of 
New taxon #1 from Las Hoyas, as mapped on the strict consensus tree.
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Figure 3.10. State changes in characters 18, 19, 20 and 21, relevant in defining the phylogenetic 
position of New taxon #1 from Las Hoyas, as mapped on the strict consensus tree.
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Figure 3.11. State changes in character 22, relevant in defining the phylogenetic position of New taxon 




New taxon #2 appears in both most parsimonious trees as the sister group of 
(Cratoamia + Pachyamia). It is thus included in the tribe Vidalmiini, which also comprises 
Melvius (not included in the present analysis due to its high proportion of missing data) 
and the single species of Vidalamia. This tribe constitutes a very strong clade, with a 
Bremer support of 7, and remains diagnosed by the same nine characters (28-36) than in 
the original analysis. New taxon #2 shares all these characters with the previously known 
vidalamiins, and its inclusion in the tribe does not modify the diagnosis of the clade.
The low support for the clade [New taxon #2 + (Cratoamia + Pachyamia)], which 
presents a Bremer value of 1, is due to the node being defined by a single synapomorphy, 
a medium long dorsal fin with bow-shaped or straight margin (character 15; Fig 3.12). 
This is admittedly a problematic character; while there is a high variability on the dorsal 
fin of amiiforms in terms of length, shape, and number of rays and proximal radials, 
the character states as defined by Grande and Bemis (1998) for this character do not 
cover all this variability. For instance, according to Grande and Bemis (1998) Vidalamia 
catalunica presents the same character state than more primitive amiiforms, a short 
dorsal fin with a straight to falcate margin. There are amiiforms with a longer dorsal 
fin, and Vidalamia catalunica clearly does not have a short one, nor has it a straight 
to falcate margin. In this sense, this taxon should probably be coded as state 1 for this 
character, a medium long dorsal fin with a bow-shaped margin. Additionally, the states 
defined for this character do not consider the possibility of having 26-29 segmented 
rays and proximal radials, which is precisely the case of New taxon #2. For this reason, 
the state 1 of this character (which seemed the most fitting to the dorsal fin of the new 
taxon) was modified to include these values for the present analysis.
In turn, New taxon #2 shares the derived state of character 39, an extremely deep 
supramaxilla, shaped like a rounded triangle, with both species of Pachyamia (Fig 3.12). 
This is a homoplastic character, since Cratoamia gondwanica presents the primitive 
state.
New taxon #2 presents the state 3 of character 5, fewer than five supraneurals, 
as an autapomorphy. This is a new state for the character, defined here, since the states 
defined by Grande and Bemis (1998) do not contemplate the possibility of having less 
than five supraneurals.
Cratoamia and Pachyamia are joined by two synapomorphies not shared by 
New taxon #2 (Figs 3.12-3.13):  a dermosphenotic excluded from the orbital margin (in 
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large individuals), and a high number of epaxial procurrent caudal fin rays (12 to 15). So, 
despite a Bremer support of 1, the clade (Cratoamia + Pachyamia) is better defined.
Since New taxon #2 presents an autapomorphy plus an unique combination of 
characters, it has to be considered as a new species. Likewise, and taking into account its 
position in the present phylogenetic hypothesis, it is bound to represent a new genus as 
well; including it into either Cratoamia or Vidalamia (as traditionally suggested) would 
render any of these genera paraphyletic. 
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Figure 3.12. State changes in characters 5, 15, 38 and 39, relevant in defining the phylogenetic position 
of New taxon #2 from Las Hoyas, as mapped on the strict consensus tree.
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Figure 3.13. State changes in character 44, relevant in defining the phylogenetic position of New taxon 
#2 from Las Hoyas, as mapped on the strict consensus tree.
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Phylogeny of the Amiiformes
With the inclusion of the three taxa from Las Hoyas, the interrelationships of 
the amiiforms show some remarkable modifications. Tomognathus mordax, whose 
position remained previously uncertain (Forey and Patterson, 2006; Cavin et al., 2007a; 
Cavin and Giner, 2012), consistently appears as the sister group of all amiines, being a 
good candidate to be considered as the most primitive member known of the subfamily 
Amiinae (basal genus). Also within this subfamily, the interrelationships among the 
different species of Amia seem to be solved, with Amia scutata and the extant Amia 
calva being the most derived and closely related species of the genus. The present 
phylogenetic hypothesis shows support for “Amia” hesperia to be considered as a valid 
species within the genus Amia. The clade (Amia + Cyclurus) remains well defined, with a 
Bremer support value of 2.
The position of Solnhofenamia elongata remains unchanged in its own monotypic 
subfamily, although a change on this taxonomical assignation could be justified (see 
Chapter 4). It is still the sister taxon of a clade containing the subfamilies Amiinae and 
Vidalamiinae. The subfamily Amiopsinae, in contrast, is no longer supported by the 
present phylogenetic hypothesis. The five species of Amiopsis included in this clade 
collapse to form a polytomy together with the clade [Solnhofenamia + (Vidalamiinae 
+ Amiinae)]. Thus, the genus Amiopsis does not appear as a monophyletic group, and 
there is no support to place it in a subfamily of its own. This, however, is not totally new; 
although Grande and Bemis (1998) name and diagnose the subfamily Amiopsinae, the 
result of their phylogenetic analysis is exactly the same obtained here concerning the 
species of Amiopsis, and thus the subfamily should probably not have been diagnosed 
in the first place. With our current state of knowledge, the genus Amiopsis is a “waste 
basket” where a series of primitive amiids are grouped, diagnosed by a single multistate 
homoplastic character (the presence of three lateral fossae on the lateral surface of 
the autocentra is also present in New taxon #1 and in Sinamia zdanskyi, where it is 
polymorphic).
In addition, it seems worth noticing that the three species of teleostean fishes 
included in the analysis, Eurycormus speciosus, Pholidophorus macrocephalus, and 
Pholidophorus bechei, do not appear within a monophyletic clade (which should be 
Teleostei). In fact, this same result was obtained by Grande and Bemis (1998). The 
monophyly of the Teleostei has been long well established (e.g., Arratia, 1997, 1999, 
2000), and thus teleosts should never appear as a paraphyletic group in a cladistics 
analyses. This suggests that there are problems in the data matrix of Grande and Bemis 
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(1998). A first possible problem concerns the selection of appropriate outgroups. While 
the main objective of their monographic work was to establish the interrelationships of 
amiids, they also used their analysis to settle the long-time controversy of Halecostomi 
vs. Holostei, also known as the “gar-Amia-teleost” problem (see introduction of this 
Section). And they do so by stating that the result of their analysis supports a closer 
relationship between teleosts and halecomorphs than between either of them and the 
lepisosteiforms, thus establishing the validity of Halecostomi as a monophyletic group. 
The data matrix is, however, not appropriate for this purpose, because it contains one 
single lepisosteiform and three teleosts, and no outgroup taxa (i.e., more primitive 
neopterygian fishes) for this problem. In the end, no real outgroup is defined for the 
analysis, resulting in the teleosts conforming a paraphyletic group. This also implies 
that the polarization of their characters should be confirmed with a proper compound 
outgroup.
A second problem concerns the number of characters defined for the data matrix, 
especially in proportion to the number of taxa included. While a number of characters 
equal to, at least, double the number of taxa is usually recommended, the original data 
matrix includes 38 taxa and only 69 characters. This problem has become even more 
relevant with the addition of new amiiform species to de matrix. For such a high number 
of taxa to be classified, 69 characters do not seem to offer enough data, especially when 
considering uncertain character states. Additionally, the characters defined by Grande 
and Bemis are not comprehensively chosen to document the full variability among 
amiiform taxa, but rather represent the previously observed synapomorphies. This kind 
of information is good enough to separate between high rank taxa, but falters in order 
to elucidate the interrelationships at specific or even generic level: for instance, the 
Amiopsis “waste basket” problem. 
CONCLUSIONS
The amiiform taxon from Las Hoyas traditionally assigned to the genus Caturus 
constitutes a new taxon, which can be confidently confirmed within the order Amiiformes. 
Although its overall appearance is more similar to that of caturids, the currently available 
information cannot establish whether it is more closely related to caturoids or to 
amioids. Future findings of more complete and better preserved specimens will allow to 
develop a more complete description of the species, especially concerning the 26 out of 




Another amiiform, traditionally included within the genus Amiopsis, has proven 
to be a new taxon as well, with a unique combination of primitive and derived characters. 
The currently available anatomical information for this taxon, with only six out of 69 
characters remaining unknown, suggests that it is an amiid fish more derived than 
Amiopsis, and is more closely related to vidalamiines.
The other amiiform, previously reported to the genus Vidalamia, represents a 
new taxon as well. While it cannot be included in this genus, it is very closely related to 
it, falling within the same tribe, the Vidalamiini, but occupying a more derived position. 
Confidence for this phylogenetic position is high, as it has been possible to define the 
character state of all but 5 out of 69 characters included in the data matrix.
The inclusion of the three taxa from Las Hoyas into the current phylogeny of 
Amiiformes modifies some of the interrelationships established among the fishes of this 
order. Tomognathus is confirmed as the sister group of all amiines. The interrelationships 
among the different species of Amia seem to be solved, and there is support for “Amia” 
hesperia to be considered a valid species of Amia. Finally, the monogeneric subfamily 
Amiopsinae is not supported as a monophyletic clade. The inclusion of the three new taxa 
also highlights a series of problems within the current data matrix especially concerning 
the choice and the anatomical variability of the characters. Defining new characters that 
document the maximum possible variability among amiiforms and a check-up of the 
characters polarization are needed in order to solve the current systematic uncertainties 









CHAPTER 4: TAXONOMY AND CLASSIFICATION
4.1 INTRODUCTION
The present chapter will deal with the taxonomical assessment and the 
classification of the three amiiform taxa from Las Hoyas according to the results obtained 
in the cladistic analysis of the previous chapter. They all present a unique combination 
of primitive and derived characters, and are considered to represent three new genera 
and species due to the position they occupy in the present phylogenetic hypothesis for 
amiiform fishes. However, no new specific or generic names will be formally proposed 
herein in order to avoid creating nomina nuda. According to the International Code of 
Zoological Nomenclature (ICZN, 1999), a nomen nudum is a name that is unavailable 
because it does not have a published description. To become available, new names must 
be published following the criteria in Articles 1.3 and 10-20 of the code. According to 
the ICZN, a PhD thesis is not considered as a publication if it is not edited and published 
on an appropriate format and numerous exact copies of it are made widely available 
simultaneously. Although it is possible to create a nomen nudum and make it available 
later on by properly publishing it, the code recommends against it because it may be a 
problem for the stability of names. Therefore, the conservative approach proposed for 
the code is accepted herein, so that the new names for these taxa will be used for the 
first time in their corresponding publications in scientific journals. This is why they are 
called: 1) “Caturus”-like taxon, still far from having an accurate diagnosis and therefore 
in a different state of knowledge than the other two; 2) New taxon #1, formerly assessed 
to Amiopsis; and 3) New taxon #2, formerly assessed to Vidalamia.
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4.2 “CATURUS”-LIKE TAXON
The phylogenetic relationships of the “Caturus”-like taxon from Las Hoyas 
remain unsolved; the only position that is clearly solved is its belonging within the order 
Amiiformes. It presents a combination of both amioid and caturoid characters, and 
appears as either the sister group of the superfamily Amioidea or as the sister group 
of the superfamily Caturoidea. Such uncertain position is not only due to the mosaic 
combination of characters, but also to the lack of information; 26 out of the 69 characters 
included in the data matrix are still unknown for this taxon, so it is to be expected that 
once these characters are known from new, well-preserved material, the phylogenetic 
relationships of the “Caturus”-like taxon from Las Hoyas will be better solved.
For those cases where there is a lack of information, several authors (e.g., 
Nelson, 1972; Patterson and Rosen, 1977) propose the usage of the term incertae sedis 
to designate those fossil groups whose lower position cannot be accurately assessed. 
This term signifies that a particular fossil group is interchangeable with another in the 
cladogram when it is included in a trichotomy or polytomy, although not necessarily 
all combinations are possible. For instance, in this case there is a trichotomy including 
Caturoidea, Amioidea, and the “Caturus”-like taxon from Las Hoyas in the consensus 
tree, but neither of the two most parsimonious trees represents the possibility of the 
taxon from Las Hoyas being the sister group of (Caturoidea + Amioidea). In these cases, 
the taxon in question is recommended to be placed incertae sedis in the most inclusive 
group to which it can be assigned (Forey, 1992). Thus, the more appropriate taxonomical 
assignation for this new taxon from Las Hoyas, with the currently available information, 
is “Caturus”-like taxon Amiiformes incertae sedis. The generic name is conservatively 
maintained, in quotation marks, until a new name, together with a full description and 
a diagnosis are available, because it is the name under which this taxon has been cited 
up to date, and in order to avoid confusion by using a new different name that will 
eventually be changed.
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4.3 TAXONOMICAL HISTORY OF UROCLES AND 
MEGALURUS
As commented in previous chapters, the amiiform taxa from Las Hoyas have 
traditionally been assessed to a particular genus after those from El Montsec. However, 
the results of the phylogenetic analysis establish that they represent new species and 
genera. This has consistently been the case with all fish taxa from Las Hoyas that have 
been revised, such as the Pycnodontiformes (Poyato-Ariza and Wenz, 2000, 2004) and 
“Lepidotes” (Wenz, 2003). The only exception so far confirmed to be present in both El 
Montsec and Las Hoyas is the chanid teleost Rubiesichthys gregalis.
Going back to the Amiiformes, the taxonomical history of the amiids from El 
Montsec and Las Hoyas has been unusually complex, especially due to the old usage 
of the generic name Urocles (= Megalurus) to partly designate ad hoc both Vidalamia 
catalunica and Amiopsis woodwardi. This section briefly explains the history of the genus 
Urocles because it is important for the understanding of the taxonomical antecedents of 
the amiiforms from Las Hoyas and in order to help clarifying the controversy around this 
taxon.
 
Nowadays, the genus Urocles (=Megalurus) is no longer valid; but until just a 
few years ago, it was considered as a relatively diverse and abundant one, with diverse 
species in different fossil fish assemblages. Due to its historic relevance and its numerous 
citations, especially in the European fish record, and particularly in the Iberian Peninsula, 
it seems relevant to summarize the meandrous history of the classification and taxonomy 
of this genus.
First citation: Georg Graf zu Münster, around 1830, used the genus Megalurus 
for the first time in a series of unpublished manuscripts where four new species were 
created within this genus, all from the Solnhofen area (Bavaria, southern Germany). 
Unfortunately, these manuscripts are not accessible today; the corresponding information 
comes from Louis Agassiz (Lange, 1968).
“Ganoid” or teleost?: Agassiz (1843a, p. 68) was the very first to attempt a 
comprehensive taxonomic arrangement of fossil fishes in several orders. He formally 
described the genus Megalurus on the basis of its more outstanding feature, the 
morphology of its caudal region, and included it in his “Ordre des Ganoïdés” (1843b, 
p. 145). A few years later, Müller (1844) revisited part of Agassiz’s arrangement. He 
emphaisized differentiation between two great groups: the Ganoidei and the Teleostei, 
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assigning Megalurus to the former.
Megalurus does present what at the time were considered typical features of the 
“ganoid” fishes, such as a strong terminal bending of the vertebral column and an unequal 
development of the dorsal and the ventral caudal fin lobes. However, it also shows a 
number of features that may somehow relate it to teleostean fishes, such as a well-
developed supraoccipital or the absence of fringing fulcra in the fins. As a consequence, 
the taxonomic assignment of Urocles (=Megalurus) has experienced multiple changes 
since Agassiz’s and Müller’s classifications, mainly about its inclusion in one of these 
two great groups, depending on which set of features was particularly emphasized in 
the arrangements proposed by subsequent authors. Thus, some of the most important 
ichthyologists of the nineteenth century, like Egerton (1858a,b) or Quenstedt (1885), 
thought it to be, more or less questionably, a member of the “ganoid fishes”; others, like 
Vetter (1881), assigned it to the teleostean fishes, while some others, like Wagner (1861, 
1863), did maintain a changing opinion about it. 
Subsequent assignments: Lütken (1869), who shared Vetter’s opinion, placed 
Megalurus close to Agassiz’s Halecoidei, a group within the Teleostei. He was also the 
first who became aware of the similarities between Megalurus and the extant Amia 
calva. Some twenty years later, Zittel (1887-1890) provided extended data to support 
this similarity; furthermore, he put Megalurus and Amia, together with Amiopsis, into 
the Halecomorphi Cope, 1872, a family considered within the “ganoid fishes” at that 
time, mostly on the basis of the internal structure of their scales. Subsequent authors 
did agree, so Megalurus was no longer considered a teleost. Later on, Megalurus 
was considered as an actinopterigyan within the family Amiidae Bonaparte, 1838 by 
Woodward (1895, 1902), which was included either within the “Ganoidei” (Kramberger-
Gorjanovic, 1895; Sauvage, 1903; Vidal, 1915) or the “Holostei” (Remane, 1936; Rayner, 
1941; Romer, 1947; Saint-Seine, 1949). 
Priority and synonymy: The generic name Synergus was proposed by Gistel 
(1848) as a substitute for Megalurus, since the latter was already used for a genus 
of birds described by Horsfield (1821). However, this change seems to have passed 
unnoticed, since most of the authors of the time continued to use the invalid name 
Megalurus. Nearly a century later, Jordan (1919) proposed the new name Urocles due 
to the synonymy of Synergus with a genus of hymenopteran insects described by Hartig 
(1840). Unfortunately, Jordan (1919) did not explain the etymological origin of the new 
generic name Urocles. Based on the etymology provided by Borror (1971), we suggest 
that the first part of the name is adapted from the Greek “ourα” (“ura”), “tail”. As for 
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the second part of the name, it might come either from “κleiς” (“kleis”), “to close”, in 
reference to its posteriorly rounded, non-forked caudal fin; or from “κleoς” (“kleos”), 
“glory”, meaning that the tail is the most significant part of the animal.
Modern revisions: The first modern extensive revision of the genus Urocles was 
carried out by Lange (1968). Until this monograph, up to 15 different species had been 
described within Urocles (=Megalurus), out of only about thirty specimens that had 
been found all over the world. He examined numerous new specimens, reaching a total 
of 104, and concluded that only 10 of the previously defined species could be considered 
valid, plus a new one that he described in that paper. 
The last chapter of the taxonomic history of the genus Urocles was written 30 
years later by Grande and Bemis (1998). They realized that most of the species accepted 
by Lange (1968) and by previous authors were actually falling into synonymy with each 
other and with other species belonging to different genera of the order Amiiformes. The 
type species of the genus, Urocles lepidotus (=Megalurus lepidotus Agassiz, 1833) was 
not an exception, fitting into the diagnosis of the genus Amiopsis Kner, 1863; Urocles had 
then to be considered as a junior synonym of Amiopsis (a synonym already pointed out 
by Wenz, 1988), thus becoming an invalid generic name.
The Spanish species of Urocles (=Megalurus): As stated above, numerous 
remains ascribed to the genus Urocles have been cited mainly from European fossil 
sites (Germany, France, England, and Spain), although some specimens have also 
been mentioned in outcrops of Brazil and Equatorial Guinea. Chronostratigraphically, 
Urocles has been cited from the Kimmeridgian-Tithonian (Upper Jurassic) of Solnhofen 
(Germany) up to the Barremian of Las Hoyas. In this section, the taxonomic history of 
the species described within the genus Urocles in the Iberian record is commented on in 
detail (Fig 4.1). It is not the aim of this section to mention all the publications that make 
any reference to the genus Urocles, but to review only those that involved a change in 
the synonymy or any other taxonomical aspect of each species.
Sauvage (1903) described the first species of Megalurus coming from the 
Early Cretaceous lithographic limestones of El Montsec as the new species Megalurus 
woodwardi. Vidal (1915) described a second new species of Megalurus from the fossil 
site of La Pedrera, Megalurus sauvagei. Lange (1968) described Amia? montsechiensis 
as a new amiid species coming also from El Montsec, and placed it phylogenetically very 
close to Urocles.
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Figure 4.1. Schematic synopsis showing the nomenclatural changes undergone by the species of 
Urocles (=Megalurus) originally described in Spain.
The fish fauna from El Montsec was revised by Wenz (1968, 1971, 1988; Fig 4.2). 
She realized that Urocles woodwardi fits better into the genus Amiopsis, and renamed 
it as Amiopsis woodwardi (Wenz, 1988). Wenz and Poyato-Ariza (1994) and Wenz 
(1995) suggested a synonymy between the second nominal species, Urocles sauvagei 
and another species from the same outcrop, Vidalia catalunica Sauvage, 1903. White 
and Moy-Thomas (1941) had previously changed the name of this species to Vidalamia 
catalunica, due to the synonymy of Vidalia with a genus of dipterous insects. Thus, 
Megalurus sauvagei and Vidalia catalunica are one and the same species, Vidalamia 
catalunica (Sauvage, 1903), a taxon in which Wenz (1995) also included Amia? 
montsechiensis.
Sanz et al. (1988) also mentioned Urocles woodwardi in the fossil record of 
Las Hoyas fossil site. Wenz (1988) and Poyato-Ariza and Wenz (1995) stated that the 
material assigned to this species actually belongs to the genus Amiopsis. It was accepted 
that Amiopsis woodwardi and Vidalamia catalunica are the only amiid taxa cited from 
Las Hoyas (Sanz et al., 1988, Poyato-Ariza and Wenz, 1995). Grande and Bemis (1998) 
agreed, maintaining the validity of both species, which they respectively included within 
their subfamilies Amiopsinae and Vidalamiinae.
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Figure 4.2. “Urocles sp.”, specimen MMGB 533, from El Montsec with hand-made measurements by 
Sylvie Wenz. (Courtesy F. J. Poyato-Ariza).
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4.4 SYSTEMATIC PALAEONTOLOGY OF THE AMIIDS 
FROM LAS HOYAS
According to its position as the sister group of the subfamily Vidalamiinae, New 
taxon #1 is bound to be either a new subfamily, which would then be the sister group of 
Vidalamiinae (and these two together would be the sister group of subfamily Amiinae), 
or part of the subfamily Vidalamiinae itself, in which case this group would need to 
have an emended diagnosis. That is, either stem group or basal group Vidalamiinae, 
depending on the node chosen to define this subfamily.
Both of these two options are problematic. On one hand, erecting a new 
subfamily (or any other suprageneric rank) on the basis of a single species usually leads 
to a classification with multiple monotypic subfamilies; the species in each of these 
subfamilies would then be included within “empty ranks” (e.g., genera), that is, ranks 
that would be superfluous because they convey no more information than is already 
contained in the higher and lower ranks (subfamily and species). This is particularly 
frequent in classifications where both extant and fossil species are included. This problem 
has prompted several solutions, such as the usage of many levels of rank names (other 
than the traditional Linnean ranks; e.g., McKenna, 1975), the usage of a combination of 
prefixes (e.g., Farris, 1976), or the usage of a numerical rank system (e.g., Hennig, 1966; 
for a more complete discussion on these topics, see Forey, 1992). However, all these 
methods have the disadvantage of being unfriendly and unfamiliar, and, in practice, far 
from useful.
On the other hand, the subfamily Vidalamiinae as it is currently understood is very 
well defined; including New taxon #1, which does not share a large part of the diagnostic 
characters of the subfamily, within it and then developing an emended diagnosis for the 
group would make it more weakly supported.
Patterson and Rosen (1977) introduced the concept of plesion, a rank name to 
be applied to those high rank fossil species (i.e., those included within “empty ranks” 
as mentioned above) depending of the accepted rank of their respective crown-group. 
Here this option is chosen as the most appropriate solution to define the phylogenetic 
position and classification of New taxon #1, which is herein considered a plesion within 
Vidalamiinae.
This same solution could be applied to other taxa in the classification by Grande 
and Bemis (1998), especially to Solnhofenamia elongata, which defines another 
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monotypic subfamily (Solnhofenamiinae). Defining new high rank taxa including a single 
species led Grande and Bemis to name new successive groups using a complicated system 
of combinations of prefixes (e.g., Amiida hypersubfamily, Amiista supersubfamily). Such 
revision of the taxonomical rearrangement for other amiid taxa, however, falls out of the 
scope of the present work, but it is worth noticing that it would considerably simplify the 
classification within the order.
Regarding New taxon #2, considering it a plesion, as with New taxon #1, is not 
appropriate, because it does not appear as the most primitive taxon outside a clade 
(stem group) but fits perfectly within a well-defined clade, the tribe Vidalamiini, whose 
most primitive member is the type species, Vidalamia catalunica.
Pending a full revision of the classification of the “Caturus”-like taxon on the basis 
of better preserved material, the Systematic Palaeontology for the other two new taxa 
from Las Hoyas is as follows:
Subclass Actinopterygii Cope, 1887
Infraclass Neopterygii Regan, 1923, sensu Rosen et al., 1981
Division Holostei Müller, 1844, sensu Grande, 2010
Subdivision Halecomorphi Cope, 1872, sensu Grande and Bemis, 1998
Order Amiiformes Hay, 1929, sensu Grande and Bemis, 1998
Superfamily Amioidea Bonaparte, 1838, sensu Grande and Bemis, 1998
Family Amiidae Bonaparte, 1838
Vidalamiinae plesion New taxon #1
? Amiopsis Kner, 1863: Sanz et al., 1988: 619-620, table 1.
Urocles Jordan, 1919 (Megalurus Agassiz): Poyato-Ariza, 1989: 113, fig. 22B, table 1.
Amiopsis Kner, 1863: Poyato-Ariza, 1989: 113, fig. 22C, table 1.
? Amiopsis Kner, 1863: Gómez-Pallerola, 1990: 52.
Urocles Jordan, 1919 (Megalurus Agassiz) pro parte: Poyato-Ariza and Wenz, 1990: 303, 
 fig. 5.
Amiopsis Kner, 1863 (Megalurus Agassiz) pro parte: Poyato-Ariza and Wenz, 1990: 304, 
 figs. 2B, 5.
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Urocles Jordan, 1919 (Megalurus Agassiz): Sanz et al., 1990: table 1.
Amiopsis Kner, 1863 (Megalurus Agassiz): Sanz et al., 1990: table 1.
Amiopsis Kner, 1863: Poyato-Ariza, 1992: 117, fig. 31.
Amiopsis Kner, 1863: Sanz et al., 1994: 186.
Amiopsis Kner, 1863 pro parte: Wenz and Poyato-Ariza, 1994: 204-210.
Urocles Jordan, 1919 (Megalurus Agassiz): Fregenal-Martínez, 1995: 150, table 1.
Amiopsis Kner, 1863  (Megalurus Agassiz): Fregenal-Martínez, 1995: 150, table 1.
Amiopsis Kner, 1863: Poyato-Ariza and Wenz, 1995, 47, fig. IV-11.
Amiopsis Kner, 1863: Ortega et al., 1999, 206.
Amiopsis Kner, 1863: Sanz et al., 1999: 158.
Amiopsis Kner, 1863: Sanz et al., 2000: 158.
Amiopsis Kner, 1863: Sanz et al., 2001: 359.
Amiopsis Kner, 1863: Ortega et al., 2003: 434, 447.
Amiopsis Kner, 1863: Delclòs et al., 2004: 40.
Amiopsis Kner, 1863: Poyato-Ariza, 2005a: 162, fig. 2C.
Amiopsis Kner, 1863: Buscalioni and Fregenal-Martínez, 2010: 311.
Amiopsis Kner, 1863: Martín-Abad and Poyato-Ariza, 2013a: fig. 2.
Amiopsis Kner, 1863 pro parte: Martín-Abad and Poyato-Ariza, 2013b: fig. 4.
Amiopsis Kner, 1863: Poyato-Ariza and Martín-Abad, in press.
Type species—New taxon #1 sp. by monotypy.
Species included as valid—See type species (genus is monotypic).
Distribution of genus— See type species (genus is monotypic); up to date, no other 
remain can be assigned to this genus.
Generic diagnosis—New taxon #1 is a genus of amiid fish that differs from all other genera 
by the following combination of derived (shared with the subfamily Vidalamiinae) and 
primitive (not shared with vidalamiines but with more primitive amiids) characters: a) 
absence of suborbital bones; b) presence of labiolingually compressed, sharply carinate 
caps of the jaw teeth; c) presence of three lateral fossae on most of the vertebral 
autocentra; d) presence of a single articular element on the lower jaw; e) absence 
of strong ornamentation on the dermal bones of the skull; f) relatively short parietal 
(width-to-length ratio range well exceeding 0.90); g) low number of ural autocentra (10 
or fewer); h) long and narrow, crescent-shaped preopercular; and i) posttemporal with a 
lateral edge shorter than the anterior edge.
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New taxon #1 sp.
Urocles woodwardi (Sauvage, 1903): Sanz et al., 1988: 619, table 1, pl. 2 fig.2.
Urocles woodwardi (Sauvage, 1903) pro parte: Gómez-Pallerola, 1990: 52, 70.
Amiopsis woodwardi (Sauvage, 1903) pro parte: Wenz and Poyato-Ariza, 1994: 204-210, 
 tables 1-2.
Amiopsis woodwardi (Sauvage, 1903) pro parte: Grande and Bemis, 1998: 516.
Amiopsis woodwardi (Sauvage, 1903) pro parte: Poyato-Ariza et al., 1999: 511.
Amiopsis woodwardi (Sauvage, 1903): Fregenal-Martínez and Meléndez, 2000: table 1.
Amiopsis woodwardi (Sauvage, 1903) pro parte: Wenz, 2003: 495.
Amiopsis woodwardi (Sauvage, 1903): Escaso et al., 2005: 228.
Amiopsis woodwardi (Sauvage, 1903): Poyato-Ariza, 2005b: 286.
Amiopsis woodwardi (Sauvage, 1903) pro parte: Martín-Abad and Poyato-Ariza, 2009: 
 265.
Amiopsis cf. A. woodwardi (Sauvage, 1903): Martín-Abad and Poyato-Ariza, 2013a: fig. 1.
Amiopsis woodwardi (Sauvage, 1903) pro parte: Martín-Abad and Poyato-Ariza, 2013b: 
 78-82, figs. 4, 6, table 1.
Amiopsis cf. A. woodwardi (Sauvage, 1903): Poyato-Ariza and Martín-Abad, in press b: 
 c.pl. 12.2.B.
Type locality, stratigraphic age, and distribution—Las Hoyas, Province of Cuenca, Spain. 
Calizas de la Huérguina Formation (Vilas et al. 1982), Rambla de Las Cruces II Sequence at 
Las Hoyas (Fregenal-Martínez, 1998). Upper Barremian (Early Cretaceous). The species is 
endemic to this locality.
Species diagnosis—As for genus (genus is monotypic).
Subfamily Vidalamiinae Grande and Bemis, 1998
Tribe Vidalmiini Grande and Bemis, 1998
New taxon #2
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Vidalamia (White and Moy-Thomas, 1941): Poyato-Ariza, 1989: 113, fig. 22A, table 1.
Vidalamia (White and Moy-Thomas, 1941) pro parte: Gómez-Pallerola, 1990: 51.
Vidalamia (White and Moy-Thomas, 1941) pro parte: Poyato-Ariza and Wenz, 1990: 303, 
 fig. 5.
Vidalamia (White and Moy-Thomas, 1941): Sanz et al., 1990: table 1.
Vidalamia (White and Moy-Thomas, 1941): Sanz et al., 1994: 186.
Vidalamia (White and Moy-Thomas, 1941) pro parte: Wenz and Poyato-Ariza, 1994: 204- 
 210.
Vidalamia (White and Moy-Thomas, 1941): Fregenal-Martínez, 1995: 150, table 1.
Vidalamia (White and Moy-Thomas, 1941) pro parte: Wenz, 1995: 6-10.
Vidalamia (White and Moy-Thomas, 1941): Sanz et al., 1999: 158.
Vidalamia (White and Moy-Thomas, 1941): Sanz et al., 2000: 158.
Vidalamia (White and Moy-Thomas, 1941): Sanz et al., 2001: 359.
Vidalamia (White and Moy-Thomas, 1941): Ortega et al., 2003: 447.
Vidalamia (White and Moy-Thomas, 1941): Delclòs et al., 2004: 40.
Vidalamia (White and Moy-Thomas, 1941): Poyato-Ariza, 2005a: 153, 160.
Vidalamia (White and Moy-Thomas, 1941): Buscalioni and Fregenal-Martínez, 2010: 
 311.
Vidalamia (White and Moy-Thomas, 1941) pro parte: Martín-Abad and Poyato-Ariza, 
 2013b: fig. 4.
Vidalamia (White and Moy-Thomas, 1941) pro parte: Poyato-Ariza and Martín-Abad, in 
 press.
Type species—New taxon #2 sp. by monotypy.
Species included as valid—See type species (genus is monotypic).
Distribution of genus— See type species (genus is monotypic); up to date, no other 
remain can be assigned to this genus.
Generic diagnosis—New taxon #2 is a genus of vidalamiin fish that differs from all other 
genera of the tribe Vidalamiini by having an autapomorphy plus a unique combination of 
derived (not shared with Vidalamia) and primitive (shared with Vidalamia but not with 
Cratoamia and/or Pachyamia) characters: a) presence of fewer than five supraneurals 
(autapomorphic character); b) medium long dorsal fin, with bow-shaped or straight 
margin, 26-34 segmented rays and an estimated 26-34 proximal radials; c) extremely 
deep supramaxilla, shaped like a rounded triangle (like Pachyamia but unlike Cratoamia); 
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d) dermosphenotic included in circumorbital margin; e) low number of epaxial procurrent 
caudal fin rays (0 to 11).
New taxon #2 sp.
Vidalamia catalunica (Sauvage, 1903) pro parte: Gómez-Pallerola, 1990: 51, 70.
Vidalamia catalunica (Sauvage, 1903) pro parte: Wenz and Poyato-Ariza, 1994: 204-210, 
 tables 1-2, fig 8.
Vidalamia catalunica (Sauvage, 1903): Poyato-Ariza and Wenz, 1995: 47.
Vidalamia catalunica (Sauvage, 1903) pro parte: Wenz, 1995: 5-6, 10-11, pl. 1 fig A.
Vidalamia catalunica (Sauvage, 1903) pro parte: Grande and Bemis, 1998: 344.
Vidalamia catalunica (Sauvage, 1903) pro parte: Ortega et al., 1999, 206.
Vidalamia catalunica (Sauvage, 1903) pro parte: Poyato-Ariza et al., 1999: 511.
Vidalamia catalunica (Sauvage, 1903): Fregenal-Martínez and Meléndez, 2000: table 1.
Vidalamia catalunica (Sauvage, 1903): Escaso et al., 2005: 228.
Vidalamia catalunica (Sauvage, 1903): Poyato-Ariza, 2005b: 286.
Vidalamia catalunica (Sauvage, 1903) pro parte: Martín-Abad and Poyato-Ariza, 2009: 
 265.
Vidalamia catalunica (Sauvage, 1903) pro parte: Martín-Abad and Poyato-Ariza, 2013b: 
 79-82 fig. 4, table 1.
Vidalamia cf. V. catalunica (Sauvage, 1903): Poyato-Ariza and Martín-Abad, in press.
Type locality, stratigraphic age, and distribution—Las Hoyas, Province of Cuenca, Spain. 
Calizas de la Huérguina Formation (Vilas et al. 1982), Rambla de Las Cruces II Sequence at 
Las Hoyas (Fregenal-Martínez, 1998). Upper Barremian (Early Cretaceous). The species is 
endemic to this locality.










5.1 COMPARATIVE PALAEOBIOGEOGRAPHY OF 
AMIIFORMES 
As a part of the multidisciplinary approach to the study of the amiiform taxa 
from Las Hoyas, we wanted to explore the biogeographic patterns that lead to the 
known distribution of these fishes throughout time. One of the main objectives of the 
present dissertation is to test whether the inclusion of the new taxa from Las Hoyas 
implies modifying our current understanding of the palaeobiogeographical patterns of 
this group. This objective is re-evaluated according to the results of the phylogenetic 
relationships obtained in the previous chapters for the three new taxa, two of which 
are placed at the base of relatively high-rank clades: either superfamily Caturoidea or 
Amioidea for the “Caturus”-like taxon, and subfamily Vidalamiinae for New taxon #1.
With this purpose, an analysis of the previously known fossil record of 
Amiiformes was developed. This analysis resulted in a paper that was published in the 
journal Geologica Belgica; this paper is included here. The record of pycnodontiform 
fishes was used for comparison purposes in this case as well, since it very frequently 
appears associated to that of amiiforms. The impact of the new taxa from Las Hoyas in 
the distribution patterns of the amiiforms as established on this paper will be briefly 
discussed in Section 5.2.
[Martín-Abad and Poyato-Ariza, 2013b]
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Historical patterns of distribution in Pycnodontiform and Amiiform fishes 
in the context of moving plates 
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ABSTRACT. Amiiformes and Pycnodontiformes are non-teleostean actinopterygians that were key members of most Mesozoic 
fish assemblages, appearing often associated throughout their fossil record. Their phylogenetic and biogeographic patterns, however, 
are strikingly different. For pycnodonts, whose record extends from around 215 to 40 million years ago, up to seven out of 12 
palaeobiogeographical events correspond to dispersals from the Tethys Sea. This was their center of radiation and their final refuge 
in their expanding-contracting distribution pattern. In turn, the distribution of amiiforms (195 million years ago to recent), although 
also initially associated with the Tethys sea, follows a mostly vicariant pattern; five main vicariant events out of a total of 15 events, 
which also include dispersal and radiation events, define their palaeobiogeography, in contrast with no vicariant event detected for 
pycnodonts. Ecologically, both appear closely associated with coastlines and continents, reaching an almost cosmopolitan distribution; 
they often occur associated in the same localities. This indicates that their dispersal during the same time intervals are not determined 
by moving plates alone. Data suggest that their taxonomic diversity and ecomorphological disparity may have played an important role 
in their dissimilar biogeographical patterns. Pycnodontiforms present a higher diversity and disparity, with variable body-fin shape 
and dentition; amiiforms are less diversified, with rather uniform body shape and dentition, their disparity being, then, quite low. This 
was a key factor of their different capacities to compete with teleosts, which would dominate fish faunas since the Late Cretaceous on. 
Therefore, internal factors play a crucial role to explain the historical patterns of distribution in these organisms.
KEYWORDS:  Ambientalism, Actinopterygii, biogeography, dispersal, Fossil Record, internalism, time-slices, vicariance.
Introduction
1.1. Conceptual framework
Comparative biogeography has been extensively used to explain 
the present distribution of extant taxa around the world. By 
comparing the distribution of the different elements of biotas, a 
series of patterns, defined by common causes or processes, can be 
established, and thus their ecological relationships comprehended. 
These patterns, however, acquire a new interpretation when 
the temporal dimension is included into the analysis. The 
combination of time with phylogenetic and geographic data 
permits the detection of the successive events that lead to the 
present distribution of a taxon (Hunn & Upchurch, 2001); that 
is, its biogeographical history. Going a step further, as a result 
of comparing the biogeographical histories of different taxa 
common patterns arise, which can show the correlation between 
environment and evolution (Cavin et al., 2007a). We may add 
that, as a logical consequence, when differences in these patterns 
are detected, they must be explained by factors involved in the 
particular evolutionary history of the corresponding groups.
     The inclusion of this temporal dimension into biogeographic 
studies, however, has not been that extensive, for it requires 
both a good fossil record and a well-established phylogenetic 
framework; these two requisites rarely occur together. 
Nonetheless, as discussed by Cavin et al. (2007a), actinopterygian 
fishes constitute a potentially good case study, having, among 
vertebrates, a reasonably good and widespread fossil record, both 
temporarily and spatially.
1.2. Study taxa
The present paper focuses on the distribution of two actinopterygian 
orders, the Pycnodontiformes and the Amiiformes, two groups 
that were prominent members of most fish assemblages, especially 
during the Mesozoic. A recent analysis of the fossil record of these 
two groups (Poyato-Ariza & Martín-Abad, 2013) has revealed 
significant differences in their patterns of diversity and disparity. 
The pycnodontiforms present a higher taxonomic diversity and 
larger ecomorphological disparity than the amiiforms. Although 
both groups often appear together in the same localities, analyses 
of their phylogenies for comparing their patterns of distribution 
were not available so far.
   The order Pycnodontiformes is a group of neopterygian 
fishes without Recent representatives; their record known from 
wellestablished remains (e.g., Poyato-Ariza, 2005) ranges from 
the Late Triassic (Norian) to the Eocene (Lutetian-Ypresian). The 
systematics of the group (Fig. 1) shows a phylogenetic history 
of continuous diversification of genera and small families at the 
base, plus a large derived clade, the Pycnodontidae (see further 
details in Poyato-Ariza & Wenz, 2002, fig. 43). For example, basal 
forms are branches formed either by single genera or very small 
families, such as the Mesturidae and the Brembodontidae. The 
most inclusive or derived group is the family Pycnodontidae, with 
very high diversity and distribution. It constitutes the superfamily 
Pycnodontoidea together with its sister group, the Coccodontidae, 
less diversified and geographically very restricted. Pycnodonts 
are mostly marine, typically coastal, but purely continental forms 
are also known (Poyato-Ariza et al., 1998; Poyato-Ariza, 2005). 
Both the basal forms and the Pycnodontidae are known from 
extensive geographic areas (i.e., worldwide except Antarctica 
and Australia), with the Western Tethys as their initial center of 
radiation as well as final refuge (Poyato-Ariza & Martín-Abad, 
2013).
    Amiiforms are an order of halecomorph fishes that had a 
widespread distribution, being especially diversified during 
the Mesozoic. They are relatively large, mostly ichthyofagous 
predators that initially inhabited marine systems, typically 
coastal. The most derived groups are found in mixed or 
fully freshwater environments (i.e., Grande & Bemis, 1998). 
Their oldest reliable evidence dates from the Early Jurassic 
(Sinemurian), and their biostratigraphic range extends to the 
Recent, with a single extant species, Amia calva. The order 
(Fig. 2) is divided into two superfamilies, Caturoidea (Caturidae 
plus Liodesmidae) and Amioidea (Amiidae plus Sinamiidae). 
The family Amiidae, which was the group of study by Grande 
& Bemis (1998), is further subdivided into four subfamilies 
(Amiopsinae, Solnhofenamiinae, Vidalamiinae, and Amiinae) 
plus the Amiidae incertae sedis Nipponamia (Yabumoto, 1994). 
Finally, Vidalamiinae is divided in two tribes, Vidalamiini and 
Calamopleurini. The interrelationships of the order are relatively 
well-resolved, especially for the family Amiidae, at least at 
generic-level (Fig. 2).
The palaeobiogeography of pycndontiforms and amiiforms 
has been previously examined; Nursall (1996) discussed the 
distribution of the pycnodonts, although the lack of a phylogenetic 
hypothesis at the time prevented a detailed biogeographic 
analysis. Grande & Bemis (1998) explored the phylogeny and 
historical biogeography of the family Amiidae. Cavin et al. 
(2007a) studied the correlation between several environmental 
indicators and the evolution of ray-finned fishes during the Late 
Mesozoic, revealing that the diversity of some groups vary along 
with factors such as the sea temperature. More recently, Cavin 
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(2008) reviewed the palaeobiogeography of Cretaceous bony 
fishes, including pycnodontiforms and amioids, suggesting that 
the entire autoecology of the fishes is a very significant parameter 
affecting their dispersal ability. Fishes from both orders are found 
from marine coastal and continental environments (e.g., Nursall, 
1996; Grande & Bemis, 1998; Poyato-Ariza, 2005); they are 
usually related to land masses and, as a consequence, constitute 
an ideal choice to study distribution in the context of moving of 
plates.
1.3. Objectives
The present paper aims to compare and contrast the distribution 
of the Pycnodontiformes and Amiiformes in time and in space. 
The data will be contrasted with the most comprehensive 
phylogenetic hypotheses available to identify types of allopatric 
speciation. Their patterns of evolution and distribution will be 
compared and discussed with regard to plates movement. Their 
distribution will be presented graphically and shown in a series 
of palaeogeographic maps (Figs. 3-7); from the Late Triassic, 
when pycnodonts first appeared, to the Recent, when the living 
representative of amiiforms, Amia calva, can still be found. We 
test the hypotheses that vicariant events played a role in forming 
phylogenetic relationships of pycnodontiforms and amiiforms.
2. Palaeobiogeography: material and methods
Since our aim is to analyze the distribution of these fish groups 
in relation with the moving plates, we will not perform any 
standard comparative biogeography analysis based on sister- 
group relationships of areas (e.g., Cecca et al., 2011). We will 
rather use the available phylogenetic hypotheses to identify 
dispersal and/or vicariance events (e.g., Cavin, 2008). Dispersal 
and vicariance are defined as two types of allopatric speciation, 
which briefly means that the speciation process takes place by 
geographical isolation, and thus the resulting species do not 
occur together (Mayr, 1942). Vicariance is assumed when a 
cladogenetic event coincides in time with the separation of the 
area inhabited by sister taxa; or, in other words, when two sister 
taxa or two taxa situated in a pectinated position in the phylogeny 
occur contemporaneously in two different formations (Cavin 
et al., 2007; Cavin, 2008). Dispersal happens when a younger 
taxon occurs in a different location than the more basal and more 
derived clades in a pectinated position, or than the reconstructed 
location of the common ancestor of a sister group (Cavin, 2008). 
In addition, radiation events are assumed when several taxa 
within a clade occur in the same geographic area in a short period 
of time, even if their interrelationships are not perfectly known 
(Cavin, 2008). Although these concepts refer to the origination of 
new species, they can be applied to higher-level taxa as well (e.g., 
Cavin et al., 2007); in the present paper they are mainly applied 
at generic level. This will reveal more closely the relationships of 
pycnodonts and amiiforms with the moving plates by inferring 
the spatial movements of these fishes throughout time. 
         For pycnodontiforms, (Fig. 1) we will adapt the tree by Poyato-
Ariza & Wenz (2002) including all genera of the order known 
at the time; subsequent phylogenetic analyses are incomplete, 
including only the Pycnodontidae (e.g., Poyato-Ariza & Wenz, 
2004; Machado & Brito, 2006). For Amiiformes (Fig. 2), we use 
the most inclusive tree by Grande & Bemis (1998, appendix F) 
with the accepted interrelationships of amiids (Grande & Bemis, 
1998, appendix C), plus those taxa that have been confirmed 
not to modify the relationships reflected in it, according to the 
literature.
     In order to examine their geographic record in time slices 
(Figs. 3-7), only reliably identified taxa have been considered; 
they usually correspond to complete, articulated specimens.
 
Figure 1. Cladogram showing interrelationships of Pycnodontiformes, modified from Poyato-Ariza & Wenz, 2002. Arrows and D1-4 indicate dispersal 
events; R1-6 indicate radiation events. Below: photos of Stemmatodus (left; specimen MNHN JRE 39, photo D. Serrette) from the Early Cretaceous of 
Italy and of Macromesodon (right; specimen Musée de Lyon, ML 15660, photo D. Serrette, courtesy S. Wenz), from the Early Jurassic of France. Scale 
bars equal 1 cm.
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Figure 2. Cladogram showing interrelationships of Amiiformes, modified from Grande & Bemis, 1998. V1-5 indicate vicariant events (double arrows in 
angle indicate large vicariant events); D1-4 indicate dispersal events; R1-6 indicate radiation events. Below, Amiopsis (specimen MCCM-LH 23062a, 
photo A. Martín-Abad) from the Early Cretaceous of Spain. Scale bar equals 1 cm. 
Incomplete or isolated material (usually teeth) is taken into 
account only when it reveals additional geographic or temporal 
data about any of the groups. Regarding pycnodonts, most of 
the information has been extracted from Nursall (1996), Poyato-
Ariza & Wenz (2002), and Poyato-Ariza (2005). Additional data 
come from Tanimoto & Takata (1998), Tanimoto & Fujimoto 
(2001), Taverne (2003), Kriwet (2004), Kriwet & Schmitz 
(2005), Rana & Kumar (2005), Machado & Brito (2006), Capasso 
(2007), Everhart (2007), Alvarado-Ortega et al. (2009), Cavin et 
al. (2009), Poyato-Ariza & Bermúdez-Rochas (2009), Shimada 
& Everhart (2009), Poyato-Ariza (2010), Martill et al. (2011), 
Friedman (2012), Koerber (2012), and Poyato-Ariza (2013). For 
amiiforms, most of the information was collected by Grande & 
Bemis (1998). Additional data comes from Schaeffer & Patterson 
(1984), Forey & Grande (1998), Lambers (1999), Grande et 
al. (2000), Liu et al. (2002), Friedman et al. (2003), Gaudant 
et al. (2005), Yabumoto (2005), Yabumoto et al. (2006), Forey 
& Patterson (2006), Cuny et al. (2006), Cavin et al. (2007b), 
Arratia & Schultze (2007), López-Arbarello et al. (2008), Brito 
et al. (2008), Cavin et al. (2009), Cuny et al. (2010), Bogan et al. 
(2010), Chang et al. (2010), Sullivan et al. (2011), and Cavin & 
Giner (2012). 
The data are presented graphically on palaeocoastline maps 
for a more comprehensive appreciation. We use “time-slicing” 
(Upchurch & Hunn, 2002), which permits identification of 
geographical congruence but avoids superimposition of past 
biogeographical histories by more recent events (for further 
discussion, see Cecca et al., 2011). The maps illustrate the 
geographic record of Pycnodontiformes and Amiiformes in 
time slices; each caption provides details on the particular taxa 
known from the corresponding regions. Maps were modified 
from illustrations and information from Stanley (2005) plus the 
Palaeogeography Library (2012) and Kerbtier.de (2012).
   Temporal information is grouped mostly according to the 
standard biostratigraphical series; other time-slices were selected 
according to the diversity and geographical distribution of the 
taxa, so that artifacts (e.g., relative diversity) would not obscure 
biogeographical events. For this reason, Early and Middle 
Jurassic, with a diversity that is too low to establish any logical 
biogeographical pattern, are represented together. In turn, the 
Late Cretaceous is subdivided into two time slices, since its 
diversity is too high to be coherently represented in a single 
figure. This way, we define a “Late Cretaceous 1” ranging from 
Cenomanian to Coniacian and a “Late Cretaceous 2” ranging 
from Santonian to Maastrichtian. Additionally, this subdivision 
reveals that the decrease in diversity of both groups after the K/ 
Pg boundary is an artifact of considering the Late Cretaceous 
record as whole, because, in fact, such a decrease actually occurs 
within the Late Cretaceous (Poyato-Ariza & Martín-Abad, 
2013). The palaeocoastline maps depict the spatial movements 
of the pycnodontiform and amiiform taxa as inferred from their 
phylogenetic relationships (Figs. 1 & 2).  Incidentally, we prefer 
to use “dispersal” rather than “migration” because the latter, 
in the case of fishes, also refers to the relocation from sea to 




The known record of pycnodontiform fishes is clearly centered 
in the Western Tethys region (Fig. 1). The first, last, and most of 
the pycnodontiform record stem consistently from the Tethys, and 
particularly from its Western part. For this reason, all movements 
predicted by combining their phylogeny with their temporal and 
geographical distribution do begin in the Tethys (Figs. 1, 3-5).
The oldest known pycnodont remains are the Brembodontidae, 
from the Late Triassic of Italy; since they are not the most basal 
pycnodonts, more primitive forms like the Mesturidae and 
Gyrodontidae are predicted to be ghost lineages at least since 
the Late Triassic (Fig. 1). Within Mesturidae, there is dispersal 
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from the Western Tethys to the Pacific coast of South America 
some time during the Late Jurassic, after the first European record 
appears. Gyrodus, one of the most basal pycnodonts, moved from 
Europe to South America before the Late Jurassic. The European 
record of the genus is younger than the Mesturidae, which 
represent a more basal clade. A more derived clade than Gyrodus 
is Arduafrons from Europe, so the most parsimonious hypothesis 
is the origination of Gyrodus in Europe.
Other than local radiation events (see below), the phylogenetic 
pattern that reflects the movements of pycnodontiforms in relation 
with the moving plates is dispersal rather than vicariance; up to 
seven dispersal events can be traced on their phylogeny (Fig. 1). 
Apart from Gyrodus (D2 in Fig. 1), six genera dispersed to the 
Americas; within the Mesturidae, Micropycnodon (or ancestor; 
D1 in Fig. 1, Fig. 5a) dispersed to North America; already within 
the Pycnodontidae, Anomoeodus (D3 in Fig. 1, Fig. 5a) and 
Tepexichthys (or ancestor; D4 in Fig. 1, Fig. 4b) dispersed to 
North America; then Neoproscinetes (D5 in Fig. 1) and Iemanja 
(D6 in Fig. 1) (or corresponding ancestors) separately, to South 
America (Fig. 4b), and finally, Nursallia (D7 in Fig.1, Fig. 5a) to 
North America. These fishes used the Hispanic Corridor, which 
was the shortest route between Europe and the Americas (e.g., 
Smith, 1983; Arias, 2006). A partial phylogeny including only 
Pycnodontidae (Machado & Brito, 2006, fig. 4B) corroborates 
the interpretation of independent passage to South America for 
Potiguara as well (see Maisey, 1993 and 2000 for additional 
data on the biogeography of Gondwana fishes). Genera like 
Mercediella in South America or Tibetodus in Asia are of unknown 
affinities, so the phylogeny cannot predict their origins. However, 
it is most likely that they came from the Western Tethys as well, 
since the vast majority of the Pycnodontidae are European; 
that is why some routes are proposed, pending phylogenetic 
confirmation (e.g., revision of Mercediella). The Asian record 
of pycnodonts is interesting, because, in addition to Tibetodus, 
it includes two undetermined pycnodontids from the Early 
(Hauterivian; Tanimoto & Takata, 1998) and Late Cretaceous 
(Maastrichtian; Tanimoto & Fujimoto, 2001) of Japan. These are 
based on very fragmentary material; their taxonomic assignation 
is uncertain, especially in the case of the specimens from the 
Hauterivian. But, together with the indeterminate pycnodonts 
from India and Thailand, they clearly show previously unknown 
Asian diversification of the group, at least during the Cretaceous. 
Unfortunately, the very fragmentary nature of all this material 
prevents their inclusion in the phylogeny, so it remains unknown 
whether they came from the Western Tethys via different 
passages, like the American forms, or if there was a true Asian 
radiation. The discovery of more complete material could be used 
to test these hypotheses. 
Radiation events are relatively common in the pycnodont 
record. Up to five can be confirmed by the data analyzed in 
the present study (Fig. 1): the Brembodontidae present two 
genera in the Norian of Italy (R1 in Fig. 1); different species of 
Macromesodon appeared at the end of the Jurassic in Europe (R2 
in Fig. 1); a local radiation of the Coccodontidae occurred in the 
interior of the Tethys (R3 in Fig. 1; see also Cavin, 2008); three 
different species of Turbomesodon appeared in the Upper Jurassic-
Lower Cretaceous of Europe (R4 in Fig. 1); finally, Stemmatodus 
and Anomoeodus are sister genera whose ranges overlap during 
the Cretaceous of Europe (R5 in Fig. 1). In addition, new taxa 
described in recent years suggest diversification of derived 
pycnodontids during the Late Cretaceous in the Western Tethys 
region with genera like Tergestinia, Polazzodus, and Sylvienodus. 
This suggests a possible local radiation of the Pycnodontinae 
or of derived Pycnodontidae, but only their inclusion in the 
phylogeny will permit testing this hypothesis (Poyato-Ariza, 
work in progress).
In summary, 12 main events in pycnodontiform 
palaeobiogeography have been identified. Seven of them are 
dispersals (58%) and the remaining five correspond to radiations 
(42%) ; no vicariant event has been detected (0% ).
Figure 3. Palaeocoastline 
maps of  the Earth showing the 
distribution of Pycnodontiformes 
and Amiiformes during: a) the 
Late Triassic (220 mya); Western-
South Europe: Brembodus, 
Gibbodon, “Eomesodon” hoeferi, 
Pycnodontiformes indet.; and 
b) the Early-Middle Jurassic 
(170 mya); Western-Central 
Europe: Eomesodon liassicus, 
cf. Proscinetes, Mesturus leedsi; 
Caturus heterurus, Caturus 
smithwoodwardi, Amblysemius, 
Eurypoma grande. Central 
Africa: Caturus. Western North 
America: Caturus. Southeast 
Asia: cf. Gyrodus.





The first well-known caturid is Sinemurian in age (Fig. 2). 
However, liodesmids, the sister group to caturids, are considered 
more primitive; their oldest record is Kimmeridgian in age, 
involving they were a ghost lineage at least from the Sinemurian. 
Additionally, undetermined caturoids have been cited from 
Triassic deposits (e.g., Cartanyà, 1995, 1999). In any case, 
all well-recognized caturoids, and thus the oldest amiiforms, 
radiated within the Western Tethys Ocean (R1 in Fig. 2). The only 
exception is the North American, Middle Jurassic Caturus dartoni 
(D1 in Fig. 2), which constitutes the first inferred dispersal of 
amiiform fishes through the Hispanic Corridor (Fig. 3b). The last 
reliable record of caturoids is Valanginian in age, although a few 
undetermined caturids have been cited up to the Aptian-Albian 
in Tunisia (Cuny et al., 2010) and Thailand (Cuny et al., 2006; 
Cavin et al., 2009). Being undetermined, their biogeographic 
movements cannot be tested.
3.2.2 . Sinamiidae
All sinamiids known so far are endemic from East and Southeast 
Asia (China, Japan, Korea, and Thailand) (Fig. 2). The pectinated 
branches immediate to sinamiids, more basal (Caturoidea) and 
more derived (Amiidae), are from the Western Tethys (at least 
the oldest amiids); this strongly suggests a vicariant event taking 
place very close to the origin of the superfamily Amioidea (V1 
in Fig. 2, Fig. 4a). According to Cavin et al. (2007b), sinamiids 
are involved in another vicariant event that resulted on the 
occurrence of different species of Sinamia and Ikechaoamia in 
Early Cretaceous faunas from North and South China (V2 in 
Fig. 2). This vicariant event can be explained by the presence of 
the Qinling Mountain Belt between them. Apart from this, other 
sinamiid species radiated through Asia as well (R2 in Fig. 2).
3.2.3 . Amiidae
The oldest record of the Amiidae comes from Solnhofen, 
Germany: it includes the only representative of Solnhofenamiinae, 
Solnhofenamia elongata, and the first reliable record of the 
Amiopsinae, a subfamily that successfully radiated during the 
Early Cretaceous (R3 in Fig. 2). Both subfamilies were sympatric, 
along with other halecomorph groups (Grande & Bemis, 1998), 
and endemic of Western and Central Europe.
The monospecific Nipponamia, recovered from Early 
Cretaceous deposits in Japan, poses an intriguing problem in 
amiid palaeobiogeography. Its systematic position within the 
family remains indeterminate, and it is consequently difficult to 
ascertain whether it corresponds to an event of vicariance or of 
dispersal. It is, nonetheless, the only non-amiine amiid to have 
reached Eastern Asia (Fig. 4b).
The oldest records of the Vidalamiinae are from the 
Berriasian of both Brazil and Spain. Each of these two records 
corresponds to a different tribe, the Calamopleurini and the 
Vidalamiini, respectively. Calamopleurins inhabited the Southern 
Hemisphere, reaching only the Northern Hemisphere as the 
African Plate shifted northwards (Fig. 4b). The distribution of 
vidalamiins extended through the Tethys Sea and the Cretaceous 
Seaway of North America (Fig. 4b), which were connected by 
the North American Atlantic Coast during the Early Cretaceous 
(Grande & Bemis, 1998). Recently, a vidalamiin from Brazil, 
Cratoamia gondwanica, has been described (Brito et al., 2008). 
A common ancestor to the two tribes dispersed into the Southern 
Hemisphere about 170 million years ago (mya) and its range was 
subdivided by an opening between North and South America 
Figure 4. Palaeocoastline 
maps of the Earth showing the 
distribution of Pycnodontiformes 
and Amiiformes during: a) the 
Late Jurassic (150 mya); Western-
Central Europe: Macromesodon 
surgens, Proscinetes spp., 
Arduafrons, Gyrodus, Mesturus, 
Macromesodon gibbosus, 
Proscinetes elegans, Turbomesodon 
relegans, Mesturus sp., 
?Eomesodon barnesi, ?Eomesodon 
depressus; Eurypoma grande, 
Eurypoma egertoni, Amblysemius, 
Amiopsis, Caturus, Solnhofenamia, 
Liodesmus. S. America: Gyrodus 
sp.; caturid-like remains. Northern 
China: Sinamia, Ikechaoamia; 
and b) the Early Cretaceous (120 
mya); Western-Central Europe: 
Stemmatodus, Ocloedus subdiscus, 
Turbomesodon bernissartensis, 
Arcodonichthys, Gyrodus, 
Anomoeodus nursalli, Stenamara, 
Turbomesodon praeclarus, 
Paramesturus; Amiopsis, Caturus, 
Vidalamia, Tomognathus gigeri. 
Northern Africa: Caturus sp., 
Calamopleurus africanus. Southern 
North America: Nonaphalagodus, 
Paramicrodon, Tepexichthys; 
Pachyamia mexicana. South 
America: Iemanja, Neoproscinetes, 
Mercediella; Calamopleurus 
mawsoni, Calamopleurus 
cylindricus, Cratoamia. Northern 
China: Sinamia, Ikechaoamia. 
Eastern Asia: cf. Anomoeodus, 
Tibetodus, Pycnodontidae indet.; 
Caturus, Siamamia, Sinamia, 
Ikechaoamia, Nipponamia.
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around 150 mya (Grande & Bemis, 1998; Cavin, 2008). After this 
vicariant event (V3 in Fig. 2), calamopleurins radiated through 
the Southern Hemisphere (R4 in Fig. 2) possibly by small, 
additional vicariant events involving the South American and the 
African species of Calamopleurus, and between Calamopleurus 
and Maliamia (Cavin et al., 2007a; see also Maisey, 1993 and 
2000 for more details on Gondwana amiids). Among vidalamiins, 
another vicariant event can be detected between the Western and 
Eastern Tethyan species of Pachyamia (V4 in Fig. 2; Fig. 5a). 
Cratoamia (or ancestor) dispersed into the Southern Hemisphere 
(D2 in Fig. 2; Fig. 4b), and Melvius into North America (D3 in 
Fig. 2; Fig. 5b).
The Amiinae include numerous well-known species (Fig. 2). 
Their interrelationships, however, are currently unresolved, so it 
is difficult to establish their palaeobiogeographical history. The 
first remains assigned to the Amiinae come from the Cenomanian 
of Uzbekhistan (not represented in Fig. 2 because it is considered 
Amiinae nomen dubium), suggesting a possible linkage with 
central Europe, which had permanently been inhabited by amiids. 
In any case, amiines (Figs. 5-7) were separated by another 
vicariant event (V5 in Fig. 2) at some point, as several species 
radiated in Europe (R5 in Fig. 2) and others inhabited North 
America (R6 in Fig. 2). Cyclurus efremovi dispersed to Mongolia 
(D4 in Fig. 2, Fig. 6a). All well-known species of Amia come from 
North America, although older nomen dubium remains have been 
reported from Argentina (Fig. 5b; Bogan et al., 2010) and France 
(Grande and Bemis, 1998). Taking into account the occurrence 
of its sister taxon, Cyclurus, in older North American deposits, a 
North American origin for the genus could be hypothesized. 
As a summary, 15 main events that shaped the 
palaeobiogeographical pattern of amiiforms have been detected 
in their phylogeny. Five of them are vicariant events (33%), 




Their record is centered in and around the Tethys, where their 
diversity is always very high. There could be historic reasons 
for this, since the European localities have been exploited for 
a longer time; however, the discovery of numerous localities 
more recently known from all over the world certainly limits the 
effects of a potentially unequal sampling. The dispersal pattern 
inferred for basal pycnodonts supports the hypothesis by Cavin 
(2008) that their diversity is the result of a steady, particularly 
favorable environment rather than of a radiation event. The 
general distribution of land masses and their associated marine 
platforms in and around the Tethys would provide such an 
environment for quite a long time during the Mesozoic and early 
Cenozoic, contributing to the continuously increasing diversity of 
pycnodonts in the Western Tethys. This would explain why the 
expansion events of the group, as predicted by their phylogenetic 
relationships, consistently occur from the Tethys to other parts 
of the globe. Such events were always minor in scale, due to 
particular movements of individual taxa; no vicariance or major 
radiation events are ever detected in this group. Minor radiations 
inside the Tethys did occur, as hypothesized by Cavin (2008) for 
the Coccodontidae from the Late Cretaceous of the Lebanon, and 
maybe for the Pycnodontinae or related forms from Southern 
Europe and Morocco (Poyato-Ariza, work in progress). However, 
pycnodont diversity in the Tethys is primarily explained as the 
result of a very long evolutionary history in a fairly constant, 
favorable environment, primarily provided by the land masses, 
coastlines and associated marine platforms in and around the 
Western Tethys. As a whole, their biogeographical history is better 
explained as an expansion-contraction pattern (compare maps 
in Figs. 3-5), in which particular taxa of the group sporadically 
Figure 5. Palaeocoastline 
maps of the Earth 
showing the distribution 
of Pycnodontiformes and 
Amiiformes during: a) the Late 
Cretaceous 1 (Cenomanian-
Coniacian; 95 mya); Western-
Central Europe: Anomoeodus 
willetti, Nursallia, Coelodus 
saturnus; Tomognathus mordax, 
Amiopsis prisca. Northern 
Africa: Nursallia gutturosum, 
cf. Pycnodus sp. Northern 
North America: undetermined 
Vidalamiinae. Central North 
America: Micropycnodon; 
Paraliodesmus. Southern 
North America: Pycnodontidae 
indet., Nursallia sp. South 
America: Potiguara rosadoi, 
Nursallia flavellatum ?. 
Western Asia: Akromystax, 




and b) the Late Cretaceous 2 
(Santonian-Maastrichtian; 85 
mya); Western-Central Europe: 
Polazzodus, Pseudopycnodus, 
Anomoeodus subclavatus, 
cf. Anomoeodus spp., cf. 
Paramicrodon. Africa: cf. 
Gyrodus, cf. Ocloedus. North 
America: Anomoeodus cf. A. 
barberi, Melvius hauliodous, 
Melvius thomasi, Cyclurus. 
South America: ?Amia. Eastern 
Asia: Pycnodontidae indet. 
India: cf. Pycnodus.
Distribution in PycnoDontiform anD amiiform fishes
[ 249 ]
223
move from the Western Tethys to other areas; their disappearance 
from those other areas is also slowly progressive. Finally, their 
extinction occurred after the closing of the Tethys, which acted, 




They exhibit a very different palaeobiogeographical pattern from 
that of pycnodontiforms, in which vicariance is the key process 
to explain their distribution. According to the fossil record, 
three major vicariant events affecting relatively large clades can 
be detected (V1, V3, and V5 in Fig. 2). The first of them, the 
one affecting sinamiids (V1), is related with the transition from 
marine to freshwater environments, since both the caturids and 
the more primitive amiids inhabited marine environments, but 
all known sinamiids are from freshwater deposits (Grande and 
Bemis, 1998). The vicariant event between the two tribes of 
Vidalamiinae (V3) is determined by the connection, during the 
Early Cretaceous, between the Tethys Sea and the Cretaceous 
Seaway of North America, through the North American Atlantic 
Coast. As for the third main vicariant event (V5), the distribution 
of amiines throughout North America and Europe was probably 
associated again to a transition from marine to freshwater 
environments, since non-amiine amiids were, at least in origin, 
marine, whereas all known amiines are considered freshwater 
fishes. As with pycnodontiforms, amiiforms have constantly 
inhabited the Tethys, at least until the Oligocene. This sea acted 
as the center for dispersal and from where the different vicariant 
events took place. As for any other group, the environment played 
a key factor in the evolution and distribution of amiiform fishes. 
For example, Cavin et al. (2007a) cite several physical parameters 
that can determine the vicariance of marine coastal fishes (marine 
currents, surface gradients of temperature and salinity, great 
depths, freshwater and sediment outflows from rivers); within 
amiiformes, these factors probably influenced specially the 
more local vicariant events of vidalamiines. For freshwater taxa, 
radiations can form species flocks, as is the case of sinamiids and 
amiines, rapidly spreading among adjacent areas. 
 
4.3. Comparison
Since both groups are primarily related with coastal marine and 
continental environments, their distribution is closely linked to the 
position of the land masses (Figs. 3-7), that is, to moving plates. 
For instance, the opening of the Hispanic Corridor facilitated 
these fish faunas to move westwards during the Early-Middle 
Jurassic; the insular Cretaceous Tethys acted as a center of origin 
and dispersal of new groups (Cavin et al., 2007a; present paper, 
Figs. 4 & 5); and the opening of the South Atlantic during the 
Early-Late Cretaceous (Fig. 5a) permitted passage between South 
America and Africa, for instance for the tribe Calamopleurini 
(Calamopleurus and Maliamia, Fig. 2).
In summary, the biogeographical patterns of pycnodonts and 
amiiforms show the following features in common: 1) they lived in 
the same environments (although they occupied different niches), 
linked to coastlines and continents; 2) a similar temporal range; 
and 3) a very similar general geographical distribution, including 
frequent simultaneous occurrences (e.g., Solnhofen, Las Hoyas, 
Santana Formation). Within this common frame, however, their 
palaeogeographic patterns are remarkably different: radiation 
largely explains the distribution of pycnodonts; in turn, vicariance 
is crucial to understand the distribution of amiiforms, whereas it 
has not been detected in pycnodonts at all. This strongly suggests 
that other factors were essential to explain this difference. 
     A recent study (Poyato-Ariza & Martín-Abad, 2013) showed 
that Pycnodontiformes and Amiiformes had very different 
ecomorphological plasticity, much higher in the former. This 
might be one of the factors determining their different potential 
Figure 6. Palaeocoastline 
maps of the Earth 
showing the distribution 
of Pycnodontiformes and 
Amiiformes during: a) 
the Paleocene (65 mya); 
Central Europe: Tergestinia, 
Oropycnodus; Amia, Cyclurus. 
Northern Europe: Pseudamiatus. 
Africa: cf. Pycnodus. Northern 
North America: Cyclurus, Amia. 
Eastern Asia: Cyclurus; and b) 
the Eocene (50 mya); Central 
Europe: Nursallia veronae, 
Palaeobalistum, Pycnodus 
apodus, cf. Pycnodus; Cyclurus. 
Africa: cf. Pycnodus; Maliama. 
North America: Cyclurus, Amia, 
“Amia” hesperia. Central 
Asia: Cyclurus. Eastern China: 
Cyclurus.
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for biogeographical movements. It would be very interesting to 
test how such plasticity is linked to their distribution patterns 
in detail, since this was a key factor in their competition with 
teleosts throughout most of the Mesozoic. Pycnodonts were more 
ecomorphologically plastic in body-fin shape and dentition; they 
kept teleosteans from durophagous and related niches for a very 
long time. Only major environmental changes, such as large 
transgressions, allowed teleosteans to displace pycnodonts from 
those specialized niches; for instance, pycnodonts disappear 
from the Americas after the opening of the Atlantic at the 
beginning of the Late Cretaceous (Fig. 5). In contrast, amiiforms 
are less ecomorphologically plastic, as shown by their very 
uniform general body-shape and dentition, corresponding to an 
ichthyofagous niche (see also Poyato-Ariza & Martín-Abad, 
2013). This low plasticity may have restricted their ability for 
ecological competition, and thus their distribution was more 
tightly linked to coastlines. As a matter of fact, only the adaptation 
to freshwater environments seems to have allowed them to persist 
today, and exclusively in North America.
 
5. Conclusions
The data presented herein reveal that pycnodontiforms and 
amiiforms present striking differences in their biogeographic 
history. All palaeobiogeographical events in the history of 
pycnodontiforms are dispersal (58%, accounting for their 
large-scale distribution) or radiation (42%, involving only 
small-scale, local distribution), with a 0% of vicariant events. 
In the case of the amiiforms, vicariant events (33%) are more 
abundant than dispersals (27%) and explain the main large-scale 
patterns of distribution, while radiations (40%) explain the local 
diversification of species. As a consequence, the distribution 
of Pycnodontiformes is essentially explained by a pattern of 
dispersal, whereas that of Amiiformes is essentially explained by 
a pattern of vicariance. This indicates that their movements and 
ability to disperse, during the same time slices, are not determined 
by moving plates alone. We suggest that an additional factor 
involved in the distribution patterns of pycnodonts and amiiforms 
may be their difference in ecomorphologic plasticity, which 
largely determined their relationships with the environment. 
Such plasticity is higher in pycnodonts, which led them to be 
able to disperse all throughout their evolutionary history. This 
conclusion is consistent with Cavin (2008), who claimed that fish 
autoecology is a significant parameter affecting the ability for 
dispersal. Furthermore, it shows that internal factors are crucial 
to properly comprehend the palaeobiogeographical pattern of 
a group. Such factors, namely the morphological plasticity and 
the subsequent ability for ecologic competition, would strongly 
affect their capacity for expansion within any particular historic 
and/or geographic frame. 
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CHAPTER 5: PALAEOBIOGEOGRAPHY
5.2 IMPACT OF THE NEW TAXA FROM LAS HOYAS IN 
THE PALAEOBIOGEOGRAPHY OF AMIIFORMES
“CATURUS”-LIKE TAXON
Its uncertain phylogenetic position provides two alternatives to draw conclusions 
on its palaeobiogeographic implications for primitive amiiforms. 
On one hand, if its position as sister group to the superfamily Caturoidea was 
confirmed, this taxon would then be the proof of a very early divergence within this 
group into two lineages: one leading to this new species, and one including all other 
known caturoids. According to the properties of phylogenetic hypotheses expressed 
as cladograms, none of these two lineages could be interpreted as the most primitive 
amiiform clade. Concerning the temporal record of the group, this species is much 
younger in stratigraphic terms than other caturoid species, notably some species of 
Caturus (C. heterurus from the Sinemurian of UK, C. smithwoodwardi from the Toarcian 
of Germany, and C. dartoni from the Bathonian-Callovian of the U.S.A.). In fact, the taxon 
from Las Hoyas would represent the youngest caturoid, extending the record of the 
superfamily from the Sinemurian (Early Jurassic) all the way up to the Barremian (Early 
Cretaceous). As a consequence, this would imply the lineage leading to this new taxon 
to be a ghost lineage for, at least, some 65 m.y. Moreover, if the putative caturid remains 
(Caturus sp.) from the Ladinian Montral-Alcover site (northeaster Spain) were confirmed 
as such (see Chapter 1, section 1.4), then this lineage would extend even further; as far 
back, at least, as the Middle Triassic. 
In any case, this new taxon would not extend the geographical record of the 
superfamily Caturoidea, already well represented in Western Europe. The occurrence of 
this species would not imply any changes in the interpretation of the palaeobiogeographic 
patterns of distribution of the group either, since all caturoids, with the exception of the 
Northamerican Caturus dartoni, are known from the Western Tethys region.
On the other hand, if the position of the “Caturus”-like taxon was confirmed as 
the sister group to the superfamily Amioidea, it would further support the hypothesis 
of early amioids appearing in the Western Tethys region, since both caturoids and early 
amioids are known from there. The divergence between the lineage leading to this 
new taxon and the lineage including families Sinamiidae and Amiidae would date back, 
at least, to the Middle-Late Jurassic. The first of these two lineages would be a ghost 
lineage since then. The putative vicariant event separating amiids and sinamiids would 
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have happened after the divergence of the two lineages, very close, in time, to the origin 
of the superfamily Amioidea.
NEW TAXON #1
Grande and Bemis (1998) stated that some of the most interesting 
palaeobiogeographic data within Amiiformes are provided by the subfamily Vidalamiinae, 
especially because it contains the only known amiids from the Southern Hemisphere. 
They plotted the sites where vidalamiines have been found in a map of the Early 
Cretaceous (Fig 5.1) and found out that tribe Vidalamiini is present in the Northern 
Hemisphere, whereas tribe Calamopleurini is present in the Southern Hemisphere. In 
consequence, it is suggested that a vicariant event took place very early in the history 
of Vidalamiinae, separating these two tribes in different geographic areas. The position 
of New taxon #1 in the phylogeny as the sister group to all other vidalamiines (or as a 
plesion to Vidalamiinae) slightly modifies this interpretation. New taxon #1 is interpreted 
as the most primitive vidalamiine (member of the subfamily Vidalamiinae); Vidalamia 
catalunica is phylogenetically the most primitive and temporally the most ancient 
vidalamiin (member of the tribe Vidalamiini). Since both species are form the Western 
Tethys, there is support to assume that the subfamily had its origin on this region. The 
vicariant event that took calamopleurins to the Southern Hemisphere would have taken 




Additionally, the phylogenetic hypothesis obtained in this thesis establishes 
an early divergence in the history of this subfamily Vidalamiinae between the lineage 
including Vidalamiini and Calamopleurini and the lineage leading to New taxon #1. In this 
sense, the latter would represent a ghost lineage, at least, from the Berriasian, when both 
the most ancient vidalamiin (Vidalamia catalunica) and calamopleurin (Calamopleurus 
mawsoni) appeared.
NEW TAXON #2
Tribe Vidalamiini, thus, probably originated in the Western Tethys area. Both 
Vidalamia catalunica and New taxon #2 appearing geographically very close to each 
other suggests that a process of local speciation, perhaps associated with the transition 
to freshwater environments (which can generate species flocks, as commented in Martín-
Abad and Poyato-Ariza, 2013b), took place in the Iberian island during the Cretaceous. 
The ancestor to more derived vidalamiins would have dispersed from this region some 
time between the Berriasian and the Barremian.
In sum, the new taxa from Las Hoyas, mainly the “Caturus”-like taxon and New 
taxon #1, shed some light into the early palaeobiogeographic history of relatively 
high-rank clades within the order Amiiformes. Especially, they add further support for 
establishing the Western Tethys region as the origin area from where a radiation event 
generated the distribution of early caturoids and/or amioids, and from where a vicariant 
event separated the two tribes within Vidalamiinae. It is clear that the insular Tethys 
of Early Cretaceous times did serve as the center of origin and dispersal of different 
neopterygian groups (e.g., Cavin et al., 2007b; Martín-Abad and Poyato-Ariza, 2013b), 
including several clades within Pycnodontidae and several clades of amiiform fishes.
  Figure 5.1. Distribution map of the tribe Vidalamiini (geographic localities 
indicated by the letter I) and the tribe Calamopleurini (geographic localities 
indicated by the letter H) on a reconstruction of the Early Cretaceous land 











The excellent preservation of the amiiform fishes from Las Hoyas, including 
vertebral autocentra and scales (isolated and articulated in complete specimens) 
allow for an additional approach to the study of the biology of these fishes by inferring 
developmental data based on osseochronometric analyses.
Aspects of fish ecology are often discussed in the literature, but fail to address 
basic characteristics of fish development (e.g., Cavin et al., 2007b; Cumbaa et al., 2013; 
Guinot, 2013). These studies usually focus on ecological characteristics, such as niches 
occupied, feeding strategies, or position on the trophic net of the system (see Poyato-
Ariza, 2005b for the specific case of Las Hoyas). However, studying ecological phenomena 
that depend on a temporal factor (longevity, mortality, growth rates) within the lifetime 
of individuals or in populations is much more complicated, since this requires additional 
premises. For instance, it requires a preservation good enough to distinguish certain 
marks on biological structures; a representative sample of a population; a precise 
estimation of time intervals when the fossils were produced; or information on seasonal 
variability of environmental variables.
Fish hard structures have typically been used in fisheries studies to understand 
their population dynamics on extant aquatic systems. This discipline receives the name 
of Osseochronometry, and can be defined as the estimation of the passage of time or 
age, deciphered from bone-like, hard, or calcified tissue (Casselman, 1987). Some of 
the earliest applications of Osseochronometry date back more than 250 years (see 
Casselman, 1974).  
Cooper and Schafer (1954), Holland (1964), Cartier and Magnin (1967), Schiavone 
(1982), and more recently Davis (2006) and Koch et al. (2009) have analyzed the 
population dynamics of the extant Amia calva in different freshwater aquatic systems of 
USA and Canada by means of osseochronometric studies. Some of the results obtained in 
their studies are: a 1:1 approximate ratio between females and males; a longevity about 
12-13 years old, although bowfin raised in aquariums reach longevities of 20 (Flower, 
1925), 24 (Flower, 1935), or even 30 (Breder, 1936) years old; longevity is usually higher 
for females than for males; a higher mortality rate for males than for females; and an 
age of maturity around 3-5 years old for females and around 2-4 years old for males. In 
all these studies, analysis of the correlation between age and length of the fishes have 
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been carried out, which permitted not only a better understanding of the population 
structure, but also an evaluation of other characteristics, such as their health status, or 
the risk of overfishing.
Studies of age and growth of fossil amiiforms are rare. Martín-Abad et al. (in 
review) used growth characteristics of isolated amiid fossil autocentra to test the 
hypothesis of the presence of more than one amiid taxon in the Oldman and Dinosaur 
Park Formations (Campanian, Upper Cretaceous) of Alberta, Canada. If different 
taxa were present, they were expected to differ not only in appearance, but in other 
characteristics, such as longevity, growth rate, or relative abundance at distinct localities. 
Although no significantly different growth patterns could be defined, two morphotypes 
were identified, which, in fact, presented significantly different relative abundances at 
several localities. Furthermore, it was demonstrated that the two types had a remarkably 
different evolutionary behavior; one of the morphotypes grew to significantly larger sizes 
at age in stratigraphically higher (younger) localities, whereas the other morphotype 
showed no change in size through the section. This addresses a different response to 
some ecological stimuli, such as a decrease in mean annual temperature. As a corollary, 
it was concluded that these differential trends in both taxa may be factors implicated in 
their differential survival in the fossil record. 
Eberle et al. (2010) carried out an analysis of δ18O isotopes on bones of a 
diversity of fossil taxa from the Canadian Arctic Ellesmere Island to estimate climate 
parameters (mean annual temperature, mean annual range of temperature, cold month 
mean temperature, and warm month mean temperature) of an Eocene assemblage. 
Two bowfin (amiine) centra and a dentary were included in the analysis. The growth 
characteristics of these fishes (i.e., in contrast to other taxa, bowfin grow throughout the 
year, and their bone deposition rate increases with temperature) allowed to detect slight 
biases of the parameters estimated towards warmer seasons.
Micklich (2012) studied age and growth characteristics of the fish assemblage 
of the Eocene Messel lake. He analyzed these characteristics from fishes retrieved at 
different layers and parts of the site, together with the characteristics observed in extant 
relatives.  By comparing them all, he was able to add support to the hypothesis of changing 
environmental conditions throughout the time period recorded in the fossil site, some 
of which were rather unfavorable for fishes. He also identified different habitats within 
the same time periods.
As these works demonstrate, important palaeoecological conclusions can be 
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derived from age and growth studies of fossil fish associations.
OBJECTIVES
The age and growth characteristics are examined for the three taxa of amiiforms 
from Las Hoyas. Four main objectives are proposed for the present study: 1) identify 
the age and growth characteristics of the fossil amiiform populations at Las Hoyas; 2) 
compare them with other both extant and extinct amiiforms; 3) use these age and growth 
characteristics to interpret the ecological conditions in which these fishes lived; and 4) 
identify if the age and growth characteristics of amiiform fishes change throughout the 
temporal range comprised at Las Hoyas and, if so, study their correlation with changes 
in environment.
Adult fishes from Las Hoyas seem to show a phenomenon of size reduction, 
interpreted to be caused by ecological stress, since the adult individuals of most taxa 
from Las Hoyas are considerably smaller than the adult individuals of closely related 
forms from other localities (Poyato-Ariza, 2005b; Buscalioni and Fregenal-Martínez, 
2010; Poyato-Ariza and Martín-Abad, in press.). While this seems clear for some taxa 
with very small adults (e.g., Gordichthys, Rubiesichthys), our current working hypothesis 
for the amiiforms of Las Hoyas is that the excavated area originally acted as a fish nursery, 
on the basis of the remarkable abundance of juvenile forms. This study will address the 
question whether fish are just small or juvenile.
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6.2 MATERIAL AND METHODS
SPECIMENS EXAMINED
Las Hoyas:
“Caturus”-like taxon (n = 44): MCCM-LH 520, 1176a, 2217a, 6139, 6369a, 7056a, 
7060b, 7244a, 9192, 9622a, 15075b, 15300, 16215a, 16241b, 20136a, 20485a, 22382a, 
23928b, 26022b, 26975b, 28160a, 30621, 31052a/b, 32032, 32056a, 32057, 32058, 
32068b, 32077b, 32195a, 32242a/b, 32314, 37166, 37167, 37168, 37169, 37170, 37171, 
37173, 37174, 37175, 37176, 37177, 37178.
New taxon #1 (n = 111): MCCM-LH 23, 65b, 76b, 85 R, 151 Pa, 162 P, 213b, 
234, 374 Rb, 461, 868, 1082a, 1275, 2147a, 2186, 2318b, 2319, 2401a, 5099a, 6070a, 
6371a, 7079a, 7095b, 7139b, 7452, 9113b, 9159a, 9226a, 9406, 9474a, 9576b, 9621b, 
9645, 11172a, 11286, 11359b, 13127a, 13360a/b, 13398b, 13657b, 15196a, 15305a, 
15470a, 15583a, 15783b, 15827b, 16040b, 16257a, 17139a, 17274b, 18038, 20008b, 
20192b, 20226b, 20241a, 20263a, 20312, 20620b, 22115a, 22385b, 22600a, 23062b, 
23322a, 23354a, 23455a, 23544b, 23561a, 23823a, 26457b, 28235, 28258b, 28299, 
28419, 28639, 29500a, 29606a, 29866, 30731a, 30740a, 30766a, 30862, 30878b, 30933, 
30941b, 31108a/b, 31280a/b, 32022a, 32059, 32236, 32244a/b, 32313, 32354b, 33381b, 
33500b, 33540b, 35300a/b, 36104, 37152, 37153, 37154, 37155, 37156, 37157a/b, 
37158a/b, 37159a/b, 37160a/b, 37161a/b, 37162, 37163, 37164a/b, 37165a/b.
New taxon #2 (n = 28): MCCM-LH 221b, 2131, 2149, 4143, 5389a, 6866, 7074a, 
9224a, 9648a, 13020, 15835b, 16201a, 17431, 18017b, 20602, 22084b, 22403a, 26485b, 
26530, 26772a, 26924, 28604, 29292b, 31367b, 32023a, 32407a/b, 32777, 37150a/b, 
37151.
Other localities:
Caturus tarraconensis (n = 13): IEI 800a, 958, 1269, 1270, 2045, 3356, G 207, G 
616, G 624; MGB 513, 515, 551, V 9633. Berriasian-Valanginian of El Montsec (Spain).
Amiopsis woodwardi (n = 6): IEI 580, 5145, G 34, G 290, G 348; MGB V 9642. 
Berriasian-Valanginian of El Montsec (Spain).
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Vidalamia catalunica (n = 5): IEI 1313, 1351, 2865; MGB 567, 568 Berriasian-
Valanginian of El Montsec (Spain).
Cyclurus gurleyi (n = 2): FMNH PF 14095, PF 14381. Eocene of the Green River 
Formation (Wyoming, USA).
Amia calva (n = 3): UMMZ 190918-S, 205286-S; Cartier and Magnin (1967, fig 1). 
Recent of Eastern North America (USA and Canada).
Amia pattersoni (n=1): FMNH PF 10284. Eocene of the Green River Formation 
(Wyoming, USA).
Amiidae indet. (n=12): TMP 2009.135.0328, 2010.069.0609, 2010.069.0616, 
2010.069.0628, 2010.069.0632, 2010.069.0647, 2010.069.0648, 2010.069.0651, 
2010.069.0653, 2010.069.0654, 2011.049.0005, 2011.049.0006. Maastritchian of the 
Scollard Formation Pisces Point (Alberta, Canada).
SAMPLING
This study is mainly based on the age and growth information obtained from fish 
scales. Both isolated and articulated scales were used. Each isolated scale was assumed 
to represent an individual fish. In the cases of multiple scales occurring together (i.e., 
close to each other and in the same stratigraphic layer) that are the same age, only 
one scale was used for the analysis, in order to avoid duplication of data in the age 
frequency distributions. Only one scale was used from articulated specimens; in these 
cases, flank scales were preferred over caudal peduncle or ventral scales between paired 
fins, because the latter are either different in shape or smaller than the rest of the scales, 
and thus the former reflect the “true” growth parameters of the fish. 
Vertebral autocentra and fin rays were also analyzed for their age and growth 
characteristics. Only one centrum was used from articulated specimens. No consistent 
orientation of the autocentra was used for measurements, as both anterior and 
posterior faces show the same information. Likewise, only one fin ray was used from 
each specimen. For data homogeneity, the large, proximal parts of large hypaxial caudal 




Some scales were partially prepared following the mechanic and/or chemical 
techniques described in the Material and Methods section in Chapter 1. Scales from the 
Pisces Point locality used as comparative material were transferred to Epoxy resin blocks, 
since most of them were preserved in medial view. Vertebral autocentra for ageing were 
mechanically extracted from articulated specimens, since no isolated vertebrae have 
been found. Fin rays for sectioning were completely embedded in Epoxy resin blocks 
and fixed to glass slides; then the blocks were grinded down with P-80 (50-60 µm), P-600 
(30 µm), and finally P-1200 (6 µm) silicium carbure grinding plates.
TAXONOMIC IDENTIFICATION OF ISOLATED SCALES
Up to now, no characters had been defined in scales that allowed for the 
specific identification of different amiiform taxa. In the present thesis, a comprehensive 
description of the scales is provided for the two amiids from Las Hoyas (see Sections 
2.2 and 2.3). The main differences that allow identifying the scales of each taxon are 
summarized in the following lines.
“Caturus”-like taxon scales are rounded to quadrangular in shape (Fig 6.1A). 
They are characterized by the presence of a thick posterior field, ornamented with small 
round foramina. In the posterior field the crests are very notorious but ridges are hardly 
visible. Anastomoses are clearly visible on crests.
New taxon #1 scales are ovoid in shape (Fig 6.1B). The posterior field occupies 
one third of the length of the scale (less in smaller specimens). The transversal line is 
easily observable, with numerous anastomoses. Many of the ridges running through the 
lateral fields originate in these anastomoses, instead of in the focus. Crests are hardly 
visible on the anterior field.
New taxon #2 scales are subrectangular in shape, more rounded in the posterior 
edge (Fig 6.1C). The focus is located very close to the posterior edge of the scale, 
conforming a greatly reduced posterior field. All ridges apparently originate in the focus. 
Crests are clearly visible, especially in the anterior field.
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Figure 6.1. Disarticulated scales of the three amiiforms from Las Hoyas. A) “Caturus”-like taxon 
specimen MCCM LH 23928b. B) New taxon #1 specimen MCCM LH 9406a/b. C) New taxon #2 specimen 




AGE AND GROWTH PROTOCOLS
Growth cessation marks (GCM) on bones are often used to age both extant and 
extinct fishes. GCM on vertebral autocentra have specifically been employed in age and 
growth studies of amiids (Eberle et al., 2010; Koch et al., 2009) and other fishes (Newbrey 
and Wilson, 2005; Newbrey et al., 2008). GCM can be present in different bones. In 
amiiforms, they have been identified in bones of the pectoral girdle (Grande & Bemis, 
1998), opercular bones, otoliths (Cartier and Magnin, 1967), gular plates (Holland, 1964; 
Cartier and Magnin, 1967; Davis, 2006), fin rays (Koch et al., 2009), vertebral autocentra 
(Martín-Abad et al., in press), and scales (Cooper and Schafer, 1954; Cartier and Magnin, 
1967; Schiavone, 1982; Micklich, 2012).
GCM are presented as concentric annuli on the anterior and posterior faces of 
the autocentra (Figs 6.2A, 6.3A) and on the lateral face of the scales (Fig 6.2B, 6.3B). 
Annuli correspond to seasons or life history events during the growth of fish (Carlander, 
1969). In prolonged less favorable conditions (seasons) fish growth is slower; this 
metabolic change generates differential marks in certain structures. Annuli are counted 
and summed to determine the fish age.
Figure 6.2. Vertebra of Amia calva and scale of New taxon #2 (slightly coated with ammonium chloride) 
showing three and seven annuli (growth cessation marks) respectively.
Annuli on scales correspond to crests formed by bumps (narrow, convex 
protuberances) of subsequent ridges; in fossil scales, they are sometimes preserved as 
small zig-zag-like structures. To measure growth on scales, longitudinal distance (LD mm) 
from the focus to the anterior part of each concentric annulus towards the anterior 
margin was determined with a digital micrometer to the nearest 0.01 mm. 
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Figure 6.3. Schematic drawings of an amiiform vertebral autocentrum and scale showing three and six 
annuli (growth cessation marks) respectively.
Regenerated scales, that is, replacement scales that ossify on positions where 
original scales were shed by the fish, are easily identifiable because their center lacks all 
typical features, such as the focus or the ridges (Fig 6.4; Daniels, 1996; Micklich, 2012). 
Instead, the center consists of plates of bone that originate simultaneously and grow in 
all directions (Wallin, 1957). As a consequence, the first annuli might not be observable. 
However, the length at posterior ages, as well as the maximum age represented by the 
scale, can still be estimated by comparing it to other scales. Some regenerated scales 
were used in the present study, since they might prove important for maximum longevity 
determination.
Figure 6.4. New taxon #1 specimen MCCM LH 37156, disarticulated regenerated scale. Note that the 
focus and ridges are not identifiable in the center of the scale.
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Scales were coated with ammonium chloride to highlight the relief of annuli 
when these were not easily identifiable. Especially difficult scales were coated in colloidal 
carbon before the ammonium chloride coating. Colloidal carbon darkens surfaces that 
are lower in relief while ammonium chloride highlights surfaces higher in relief thereby 
maximizing contrast to show detail (Fig 6.5). Directed light is angled at 45° across the 
surface of the specimens (e.g., Newbrey et al., 2007); however, it is usually a more 
dynamic process, in the sense that it requires constantly moving both the specimen and 
the source of light in search of the highest contrast for each annulus.
Figure 6.5. Disarticulated scale of New taxon #2 coated with colloidal carbon and ammonium chloride 
to highlight relief.
A Von Bertalanffy growth curve (Von Bertalanffy, 1938; nonlinear regression in 
SYSTAT [2013]) is used to estimate growth rates from scale LD:
LDt = LD∞ [1-e-K(t-t0)]
where: LDt = scale longitudinal distance (mm) at t (age in years); LD∞ = theoretical 
maximum LD; K = the Brody growth coefficient; t = time (i.e., age in years); and 
t
0
 = time at size zero (time at theoretical zero length). Parameters were examined with 
95% confidence limits.
 Measurement error is calculated by repeating a total of 45 measurements of 
scale LD from the three taxa and then promediating the absolute difference between 
each pair of measurements.
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AGE DISTRIBUTION OF THE POPULATIONS; MORTALITY AND SURVIVAL
Total age of the fossil fishes was computed as the age corresponding to the 
last GCM registered. Frequencies of total ages obtained for the scales of each taxon 
were plotted in histograms to represent the age distribution of the three populations. 
Maximum longevity was determined by the oldest scale for each taxon. Natural 
mortality (i.e., losses due to natural phenomena, including disease, predation, etc.) can 
be calculated by fitting a slope to the descending limb of the age-frequency histogram of 
a population (Ricker, 1975). For calculating mortality, age-frequency data were natural 
log (Ln) transformed to meet the assumptions of a linear regression model. Survival was 
the ratio of individuals surviving from one year to the next, and was estimated according 
to the equation:
S = e-M
where: S = survival; M = mortality.
MAXIMUM FISH SIZE ESTIMATION
A curve describing total length of a fish can be calculated from the same Von 
Bertalanffy growth equation:
TLt = TL∞ [1-e-K(t-t0)]
where: TLt = fish total length (mm) at t (age in years); TL∞ = theoretical maximum total 
length; K = the Brody growth coefficient; t = time (i.e., age in years); and t
0
 = time at age 
zero (time at theoretical zero length).
Maximum total length (TL
∞
) for the three amiiform taxa from Las Hoyas is 
unknown. However, because growth of bony structures and scales is proportional to 
body length (Van Oosten, 1929; Carlander, 1969), the parameters K and t
0
 from the 
scale length equation and the known length of an aged fish can be used to estimate TL
∞
 
(Newbrey and Bozek, 2003):
TL
∞
 = TL / [1-e-K(t-t0)]
where: TL
∞
 = maximum fish total length (mm); TL = total length of an aged individual; 
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K = the Brody growth coefficient (derived from the scale length equation); t = time 
(i.e., age in years of the aged individual); and t
0
 = time at age zero (time at theoretical 
zero length; derived from the scale length equation). Maximum fish total length was 
calculated twice for each taxon, using TL and age from a small and a large individuals. 
For “Caturus”-like taxon, specimens MCCM LH 37055a/b (27.6 mm TL) and MCCM LH 
22382a/b (109.3 mm TL) were used. For New taxon #1, specimens MCCM LH 23602a/b 
(62,4mm TL) and MCCM LH 9645a/b (holotype; 315mm TL) were used. For New taxon 
#2, specimens MCCM LH 26772 (40,6mm TL) and MCCM LH 37150a/b (paratype; 320 
mm TL) were used.
CHANGES IN SIZE AND AGE WITH REGARD TO STRATIGRAPHY
Size, estimated as scale size, at age for each taxon was correlated to stratigraphic 
position to test the hypothesis that the taxa have different ecological responses in 
time. Two criteria were selected for statistical analysis with regard to age and growth of 
fishes: size at age and maximum age (i.e., longevity) by stratigraphic level. Least squares 





Measurements of GCM in scales and results of statistical analyses can be found in 
the Osseochronometric Appendix (Section 11.2).
AGE, GROWTH AND SIZE
Age was estimated for 44 scales of “Caturus”-like taxon, 111 of New taxon #1, 
and 28 of New taxon #2 (see Table 6.1, containing mean, minimum and maximum 
LD for each age class, and maximum longevity for each taxa). The average LD at age 
1 was 2.27 mm ± 0.118 s.e. LD for “Caturus”-like taxon, 1.44 mm ± 0.086 s.e. LD for 
New taxon #1, and 2.48 mm ± 0.148 s.e. for New taxon #2. Although, due to the small 
sample size, no statistical analysis can be made, there is a remarkable size difference 










AGE Mean LD Min. LD Max. LD Mean LD Min. LD Max. LD Mean LD Min. LD Max. LD
1 2,27 2,03 2,49 1,44 1,23 1,64 2,48 2,27 2,77
2 3,37 3,05 3,81 2,51 2,2 2,76 3,94 3,56 4,48
3 4,24 3,97 4,43 3,37 2,89 3,67 5,56 5,27 5,9
4 4,82 4,55 5 4,18 3,69 4,66 6,76 6,48 7,08
5 5,3 5,03 5,52 4,81 4,18 5,33 7,79 7,49 8,06
6 5,77 5,56 5,92 5,42 4,94 5,87 8,61 8,24 9,06
7 6,04 5,81 6,21 5,94 5,24 6,42 9,53 9,08 10,02
8 6,37 6,12 6,51 6,33 5,7 6,95 10,41 10,07 10,75
9 6,62 6,43 6,81 6,58 5,94 7,47 11,17 10,8 11,56
10 6,89 6,63 7,16 7,33 6,51 7,89 11,74 11,26 12,24
11 7,21 6,91 7,52 7,6 6,67 8,19 12,47 12,06 13,1
12 7,88 7,88 7,88 7,84 6,83 8,49 12,93 12,5 13,71
13 8,22 8,22 8,22 7,82 7,15 8,5 13,37 12,84 14,16
14 8,08 7,37 8,79 13,71 13,14 14,5
15 9,11 9,11 9,11 13,54 13,37 13,72
16 9,38 9,38 9,38 14,04 14,04 14,04
17 9,62 9,62 9,62 14,26 14,26 14,26
18 14,59 14,59 14,59




Maximum longevity was 13 years for “Caturus”-like taxon, attained by a single individual 
(MCCM LH 32077), 17 years old for New taxon #1, attained by a single individual (MCCM 
LH 9645), and 18 years old for New taxon #2, also attained by a single individual (MCCM 
LH 22403). 
Analysis of longitudinal distance of scales in “Caturus”-like taxon (Table 6.2, 
Fig 6.6A,) formed a slightly convex Von Bertalanffy growth curve (r2 = 0.983) that predicts 
a maximum scale longitudinal distance (LD
∞
) of 8.028 mm (95% confidence interval 
(C.I.) = 7.763 to 8.293 mm), a Brody growth coefficient (K) of 0.190 (95% C.I. = 0.176 
to 0.205 K), and -0.812 years for a longitudinal distance of zero mm (95% C.I. = -0.921 
to -0.703 years). Analysis of LD of scales in New taxon #1 (Table 6.2, Fig 6.6B) also 
formed a slightly convex Von Bertalanffy growth curve (r2 = 0.976) that predicts a LD
∞
 of 
11.686 mm (95% C.I. = 10.832 to 12.540 mm), a Brody growth coefficient (K) of 0.089 
(95% C.I. = 0.079 to 0.100 K), and -0.712 years for a longitudinal distance of zero mm 
(95% C.I. = -0.818 to -0.606 years). Analysis of LD of scales in New taxon #2 (Table 6.2, 
Fig 6.6C,) also formed a slightly convex Von Bertalanffy growth curve (r2 = 0.992) that 
predicts a LD
∞
 of 17.032 mm (95% C.I. = 16.432 to 17.631 mm), a Brody growth coefficient 
(K) of 0.111 (95% C.I. = 0.103 to 0.119 K), and -0.482 years for a longitudinal distance of 
zero mm (95% C.I. = -0.580 to -0.384 years). There is a slight tipping in the Von Bertalanffy 
growth profiles of the “Caturus”-like taxon and New taxon #2 after age 3, and in that of 
New taxon #1 after ages 2-3 (Fig 6.6D).
 Measurement error was calculated to be 0.091 mm ±0.006 s.e.
r2 LD
∞
 (mm) K t0 (years)
95% C.I. 95% C.I. 95% C.I.
Lower Upper Lower Upper Lower Upper
“Caturus”-
like taxon 0.983   8.028   7.763   8.293 0.190 0.176 0.205 -0.812 -0.921 -0.703
New taxon 
#1 0.976 11.686 10.832 12.540 0.089 0.079 0.100 -0.712 -0.818 -0.606
New taxon 
#2 0.992 17.032 16.432 17.631 0.111 0.103 0.119 -0.482 -0.580 -0.384




Figure 6.6. Growth curves calculated by nonlinear-regressing Scale LD against Age for: A) “Caturus”-
like taxon; B) New taxon #1; C) New taxon #2; D) Several amiiform taxa including those from Las Hoyas, 
EL Montsec, and the extant Amia calva.
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AGE DISTRIBUTION OF THE POPULATIONS
Ages ranged from 0 to 13 years old in “Caturus”-like taxon, from 0 to 17 years old 
in New taxon #1, and from 0 to 18 years old in New taxon #2 (Fig 6.7). Modal age class 
occurs at 3 years old for “Caturus”-like taxon, and at 0 years old for New taxon #1 and 
New taxon #2. Population of “Caturus”-like taxon is concentrated between ages 0 and 8 
years, although two older specimens (11 and 13 years old) have been aged. Population 
of New taxon #1 is strongly concentrated between ages 0 and 3 years, and frequency 
drastically decreases for older ages. The population of New taxon #2 is concentrated 
between ages 0 and 7 years, but older individuals are also present.
Figure 6.7. Population age distribution of the amiiform fishes from Las Hoyas calculated by aging 




Instantaneous natural mortality (M) for “Caturus”-like taxon (Table 6.3) was 
-0.457 (r2 = 0.896) based on regressed values of natural log transformed (Ln) frequencies 
from ages three to eight years. Ages zero, one, and two are not included in this analysis 
because their frequency was under represented and thus does not reflect their actual 
proportion in nature (i.e., there should be more juveniles than adults). Likewise, ages 
nine and older were not included either because no 9 years old individual was present 
in the sample. Mortality for New taxon #1 was -0.365 (r2 = 0.746) based on regressed 
values of natural log transformed frequencies from ages zero to three years. Mortality 
for New taxon #2 was -0.167 (r2 = 0.272) based on regressed values of natural log 
transformed frequencies from ages zero to seven years. When the data and mortality 
are untransformed, the mortality curve forms a concave-shaped curve (Fig. 6.8). Survival 
for “Caturus”-like taxon was 0.63 (63%) as a ratio of individuals surviving from one age 




2 p Ages regressed S (survival)
“Caturus”-like 
taxon -0.457 3.902 0.896 0.004 3-8 years 0.63 (63%)
New taxon #1 -0.365 3.652 0.746 0.136 0-3 years 0.69 (69%)
New taxon #2 -0.167 1.344 0.272 0.185 0-7 years 0.85 (85%)
Table 6.3. Linear regression parameters of natural log transformed frequencies of the descending limb 
of the age-frequency histogram for the three amiiform taxa from Las Hoyas. Survival (S) was estimated 
from the exponent of mortality (M).
MAXIMUM FISH SIZE ESTIMATION
The estimated maximum size attained by “Caturus”-like taxon was 193.0 mm on 
the basis of TL and age from a small individual (MCCM LH 37055a/b), and 212.1 mm 
on the basis of TL and age from a large individual (MCCM LH 22382a/b). The estimated 
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maximum size attained by New taxon #1 was 441.5 mm on the basis of TL and age 
from a small individual (MCCM LH 23062a/b), and 397.1 mm on the basis of TL and 
age from a large individual (the holotype, MCCM LH 9645a/b). The estimated maximum 
size attained by New taxon #2 was 779.3 mm on the basis of TL and age from a small 
individual (MCCM LH 26772), and 816.4 mm on the basis of TL and age from a large 
individual (a paratype, MCCM LH 37150a/b).
Figure 6.8. Age-frequency histograms from Fig 6.7 with the mortality curve (in red) superimposed over 
the data of ages three to eight for “Caturus”-like taxon, ages zero to three for New taxon #1, and ages 
zero to seven for New taxon #2. The mortality regressions were converted to nonlinear functions by 
taking the exponent (e) of the linear regression equations.
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CHANGES IN SIZE AND AGE WITH REGARD TO STRATIGRAPHY
The scales of each taxon were examined by depositional layers for changes in size 
and age with regard to stratigraphic position. The null hypotheses included no changes 
in size (LD) at age, maximum LD, and longevity with regard to stratigraphic position. 
Unfortunately, the database of Las Hoyas does not have the stratigraphic information 
recorded for a number enough of amiiform remains; as a consequence, the least squares 





No fossil association reflects the original population of a given taxa. However, if 
the record is ample enough, it can be fairly representative of that population in terms of 
age distribution. In the case of Las Hoyas, despite its excellent quality of preservation, the 
record of amiiform fishes is relatively scarce. Besides, this same quality of preservation 
prevents the bones from dispersing away from each other during the fossilization process, 
and thus their occurrence is highly restricted in surface, decreasing the probability of 
findings during excavations. Scales, however, are an exception, since each fish can drop 
numerous scales along its life. This is probably the reason why a large proportion of the 
specimens of amiiforms registered in Las Hoyas collections are isolated scales, which 
therefore are the most representative sample of the original population of amiiform 
fishes.
SCALE LD MEASUREMENT ERROR
A possible source of error in the measurements of scale LD is the difference in 
size among scales of the same specimen. In Amia calva, the size of the ventral scales 
between the paired fins is smaller, probably in relation to their late development in 
ontogeny (Grande and Bemis, 1998). The shape of the scales varies over the body of 
Amia calva, especially on the caudal fin base scales (Grande and Bemis, 1998: fig. 92). 
Slight differences especially on size can also be observed on New taxon #1 and New taxon 
#2 (see Chapter 2, Sections 2.2 and 2.3). Small sample size does not allow to confirm this 
variability in “Caturus”-like taxon. However, the proportion of smaller scales compared 
to that of larger scales over the body is small, and thus the chance of finding them is 
also smaller. Besides, growth profiles for each taxon are not calculated from one only 
scale, but from as many as are available, thus buffering the possible error generated by 
individual variability in scales size.
The proportion of scales that are shed during the life of fishes can be vaguely 
estimated on the basis of the proportion of regenerated scales on complete specimens. 
This is not a precise estimation because the regenerated scales can have been shed 
and regenerated more than once throughout the fish’s life. Micklich (2012) estimated 
a mean proportion of regenerated scales for the extant Amia calva and the extinct 
Cyclurus kehreri as high as 52.6% and 79.35% respectively, although the proportion 
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might be highly variable among specimens of the same species. The proportion of scales 
shed is a potential source of error if this proportion varies for different regions of the 
body since, as stated above, the size of the scales varies over the body. In fact, Micklich 
(2012) found a higher proportion of scale regeneration on the posterior versus the more 
anterior regions of the body of Amia calva and Cyclurus kehreri. He also states a slightly 
higher rate of regeneration on the ventral versus dorsal scales. The small size of most 
articulated specimens recovered from Las Hoyas, as well as their exceptional state of 
articulation (i.e., most scales are preserved in life position, thus greatly overlapping each 
other), makes really difficult distinguishing regenerated scales in articulated specimens. 
In consequence, no estimation of the proportion of regenerated scales can be attempted 
here. Nonetheless, only one of all the isolated scales included in this study (which, as 
explained above, constitute most of the sample) is a regenerated scale.
Another possible source of error would be a differential rate of scale shedding 
throughout the fish’s life. If scales are more likely to be shed during a precise stage of 
life (juvenile, sexual maturity, adulthood, etc.), the recorded fossil scales would not 
properly represent the population age structure, but would have that concrete stage 
of life overrepresented. Nonetheless, no concrete differences on scale shedding rates 
throughout the life of amiiform fishes have been reported in the literature.
Most scales included in this study were relatively easily aged, especially after 
coating with colloidal carbon and ammonium chloride, which made annuli clearly 
identifiable. Scales in this study are likely aged correctly because the Von Bertalanffy 
equation slightly under-estimated asymptotic scale length (Figs 6.6A-C), as would be 
expected. Burnham-Curtis and Bronte (1996) noted that under-aged scales produced 
Von Bertalanffy growth curves with biologically unrealistic parameters (i.e., extremely 
low Brody growth coefficient, asymptotic scale length greater than the maximum scale 
length recorded at the site). The only exception is New taxon #2, for which the Von 
Bertalanffy curve estimates an asymptotic scale length slightly greater than the longest 
scale recorded (MCCM LH 22403). This might suggest that larger scales of this species 
were slightly under-aged. However, the Brody growth coefficient (K) of New taxon #2 
(0.111) is similar to that obtained for “Caturus”-like taxon (0.190) and New taxon #1 
(0.089). Koch et al. (2009) obtained a K value of 0.229 for Amia calva. A lower K value 
for the taxa from Las Hoyas with respect to Amia calva is consistent with the slower 
growth rate and size at age observed. Therefore, growth parameters estimated by the 
Von Bertalanffy curve for the taxa from Las Hoyas are biologically realistic and support 




Different skeletal structures from the same body do not necessarily provide 
the same growth profiles and Von Bertalanffy parameters of Brody growth coefficient, 
maximum total size, and time at theoretical size zero (Casselman, 1996). Therefore, 
they cannot be directly interpreted as growth parameters of the body, nor can they be 
directly compared to each other (i.e., scale growth profile of a species cannot be directly 
compared with centra growth profile of other species). In other words, growth profiles 
obtained from scales can only be compared to growth profiles of other taxa if those have 
also been obtained from scales. Since scales are not available for ageing in many fossil 
taxa, other structures were analyzed for comparative purposes.
Fin rays have been used to age Amia calva (Koch et al., 2009). Fin rays from Las 
Hoyas amiiforms were examined for age and growth characteristics, but no specimens 
contained growth cessation marks in cross-section. 
Vertebral autocentra have been also used to age fossil amiiforms (e.g., Martín-
Abad et al., in review). Autocentra from both New taxon #1 and New taxon #2 were 
extracted from large articulated specimens but, unfortunately, the subtle marks that 
allow their aging were unrecognizable after pulling the centra apart from each other.
GROWTH OF LAS HOYAS AMIIFORMS
The growth profiles for the scales of the three amiiform taxa present at Las Hoyas 
are clearly different (Fig 6.6D). New taxon #2 scales grow faster than those of the other 
two, and attain larger sizes at age. For example, a scale from a 4 years old New taxon #2 
individual is as large as a scale from a 11-12 years old New taxon #1 or “Caturus”-like 
taxon individual. In contrast, New taxon #1 presents the slowest growth profile at early 
ages. One year old New taxon #1 scales are considerably smaller than those of New 
taxon #2 and “Caturus”-like taxon. The growth profile of “Caturus”-like taxon is faster 
than that of New taxon #1 and almost as fast as that of New taxon #2 the first two years; 
then it becomes slower, and by age 7-8 “Caturus”-like taxon scales are approximately the 
same size than New taxon #1 scales. Later on, scales of New taxon #1 become slightly 
larger than scales of “Caturus”-like taxon. The growth profiles of the taxa from Las Hoyas 
are very similar to those of the taxa from El Montsec (Caturus tarraconesis, Amiopsis 
woodwardi and Vidalamia catalunica). In contrast, Amia calva, Amia pattersoni, Cyclurus 
gurleyi, and the amiid from the Pisces Point locality show much steeper growth curves 
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(Fig 6.6D), which means that these fishes grew much faster.
Interestingly enough, the four amiines (members of the subfamily Amiinae) 
show a faster growth curve than the rest of taxa studied, which are representatives of 
superfamily Caturoidea and subfamilies Amiopsinae and Vidalamiinae. This suggests the 
presence of a phylogenetic signal in the growth profile of amiiform fishes. However, the 
differences on growth profiles cannot be explained, at least exclusively, by phylogenetic 
factors. For instance, there has been documented remarkable variability in the extant 
species Amia calva, whose growth rate changes from southern to northern localities 
within its distribution range (Jenkins and Burkhead, 1993). As explained above, growth is 
tightly linked to environmental conditions, especially temperature. Amia calva individuals 
reach larger sizes at sexual maturity age in northern (colder) than in southern (warmer) 
latitudes (Jenkins and Burkhead, 1993). Martín-Abad et al. (in review) also identified a 
statistically significant increase in size at age in one of the amiines present in Dinosaur 
Park and Oldman Formations (Campanian of Alberta, Canada) towards stratigraphically 
higher (younger) localities, coinciding with a decrease on mean annual temperature. 
A remarkably high mean warm-month temperature of 36-40°C has been estimated 
for Barremian Wealden climates of Western Europe, including Las Hoyas (Haywood 
et al., 2004; Buscalioni and Fregenal-Martínez, 2010). Slower growth profiles for Las 
Hoyas amiiforms is consistent with this apparent association between slower growth in 
warmer environments and faster growth in colder environments. The age and growth 
characteristics of more amiiform fishes recovered from a variety of known depositional 
environments should be studied in order to confirm this association.
SEXUAL MATURITY AND MAXIMUM FISH SIZE ESTIMATION
The growth profile of “Caturus”-like taxon slows after age 3, suggesting the 
attainment of sexual maturity. After age 3, energy was likely diverted from somatic 
growth to gonadal growth at maturity, a phenomenon consistent with growth patterns 
in extant fish (Carlander, 1969), thus affecting and slowing the growth profile of other 
structures and of the whole body. The growth profile of New taxon #2 also slows slightly 
after age 3, suggesting a sexual maturity happening at ages 3-4. Age of sexual maturity is 
harder to determine for New taxon #1, due to its slower and more constant growth rate. 
Nonetheless, its growth profile seems to slightly slow at ages 2-3, suggesting sexual maturity 
at that age. The ages of maturity for Las Hoyas taxa are realistic according to the extant 
species Amia calva, whose sexual maturity ranges from ages 2 to 5. Variability has been 
detected from females to males, and from southern/warmer to northern/cooler habitats.
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Thus, the present study confirms the presence of juveniles, subadults and adults 
in Las Hoyas. Adult individuals of the amiiform fishes from Las Hoyas are smaller than 
those from other amiiform taxa. For instance, the longest Amia calva individual reported 
was 109 cm in length (Becker, 1983; Page and Burr, 1991). According to data in Grande and 
Bemis (1998), Amia pattersoni reached, at least, an estimated TL of 140.4 cm; a known 
specimen of Pachyamia Mexicana is 87.0 cm in TL; Bryant (1987) estimated that Melvius 
thomasi reached a TL of over 200 cm, and Melvius chauliodus reached an even larger 
size; Calamopleurus cylindricus reached, at least, a TL of 138.0 cm; the specific epithet 
of  Maliamia gigas makes reference to its extremely large size, which is estimated to be 
between 180 and 350 cm in SL.  The largest specimens found so far at Las Hoyas reach a 
TL of 10.9 cm for “Caturus”-like taxon (a larger specimen has been found, but it is mostly 
disarticulated), 31.5 cm for New taxon #1, and an estimated TL of 57.9 cm for New taxon 
#2. Maximum total length estimations obtained here for these three taxa reveal that 
“Caturus”-like taxon individuals would reach over 20 cm in length. The holotype of New 
taxon #1 reaches a length relatively close to the estimated maximum length (around 40 
cm in TL); in other words, older specimens would not have grown much more in length. 
In contrast, New taxon #2 would have reached a considerably greater length than that 
of the largest known specimen, the holotype (18 years old), suggesting that substantially 
older individuals could have been present in its population. Breder (1936) stated that 
individuals of Amia calva could live up to 30 years in aquariums.
Additionally, the growth profiles obtained for the amiiforms from Las Hoyas do 
not show any sign to support the hypothesis that these fishes lived under conditions 
of ecological stress as the possible reason for their relatively small size. Growth curves 
would be expected to reflect ecological stress conditions: curves would be more irregular 
(i.e., showing local maximums and minimums), and a higher intraspecific variability 
would be present.
POPULATION STRUCTURE
The palaeoecological implications of these population distributions need to 
be studied after the taphonomical analysis of the next section (Chapter 7), which aim 
to test the putative transportation suffered by fishes during the fossilization process. 
In other words, we need to establish whether the main biases that we observe are 
palaeoecological rather than taphonomical. Therefore, population structures of these 




Growth cessation marks have been identified in the scales of the three amiiforms 
from Las Hoyas. These marks were deposited during periods of unfavorable environmental 
conditions, interpreted as cold seasons in the strongly seasonal environment of the site, 
allowing us to calculate the biological age of the individuals.
The osseochronological study of the scales has revealed that the three taxa present 
remarkably different growth profiles. “Caturus”-like taxon individuals grow relatively fast 
at early ages, but their growth rate decreases at older ages; as a consequence, they 
attain an estimated maximum length of over 20 cm TL. New taxon #1 individuals present 
the slowest growth rate at early ages, only surpassing that of “Caturus”-like taxon after 
ages 7-8; the maximum length estimation for individuals of this species is around 40 cm 
TL. Finally, New taxon #2 individuals present the highest growth rate at all ages, attaining 
an estimated maximum length of over 80 cm TL.
Growth profiles of these taxa are similar to those of the species from El Montsec; 
in contrast, the members of the family Amiinae included in this study present a much 
faster growth profile. Growth rate cannot be explained exclusively by phylogenetic 
factors; environmental conditions, and especially temperature, play an important role in 
fish growth. Regarding amiiforms, high temperatures seem to be correlated with slower 
growth rates, and lower temperatures with faster growth rates.
“Caturus”-like taxon and New taxon #2 appear to have attained sexual maturity 
at age 3, and New taxon #1 at ages 2-3 years old. The population of “Caturus”-like taxon 
is mostly formed by 3 years old and older individuals, whereas populations of New taxon 











The next discipline that we wanted to integrate into the multidisciplinary approach 
to the study of the amiiform taxa from Las Hoyas is Taphonomy. More precisely, we wanted 
to explore the biostratinomic factors that contributed to the exceptional preservation 
in Las Hoyas in particular, and in Konservat-Lagerstätten in general. Moreover, it is 
necessary to understand if the fish individuals fossilized in the same placed where they 
died or were transported somewhere else. For this reason, the study of the taphonomy 
of the site is indispensable to deeply comprehend the palaeoenvironment of Las Hoyas. 
This is because unveiling taphonomical processes is an indispensable requisite previous 
to understanding the ecology of any ancient ecosystem (Behrensmeyer et al., 2000).
As commented in the presentation of this dissertation, the manuscript included 
in this section constitutes a chapter of the monographic book about Las Hoyas that will 
be published this year (2015). This chapter resumes the results obtained in a series of 
actuotaphonomical experiments. This study is part of a larger-scale research line that 
has been carried out at the Unidad de Paleontología of the Universidad Autónoma de 
Madrid during the last decade (e.g., Cambra-Moo, 2006, 2007; Cambra-Moo et al., 2008; 
López-García and Martín-Abad, 2011) which aims to search for common patterns of 
decay in vertebrates.
One more experiment was carried out after this chapter was submitted for 
its publication in the book. This last experiment and its implications will be briefly 
commented in the next section (7.3).
As this manuscript has not been published yet, it will be formatted as a normal 
chapter of the dissertation; the bibliographical references cited in this chapter will be 
included in the list in Chapter 10: References.
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7.2 BIOSTRATINOMIC FACTORS INVOLVED IN FISH 
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Abstract
This work presents actuotaphonomic experiments approaching the decay 
process of a number of corpses of teleostean fishes in controlled conditions, in order 
to evaluate the importance of the biotic and abiotic biostratinomic (pre-burial) factors 
in the fossilization processes and their bearing in the final state of preservation in the 
fishes from Las Hoyas and other fossil-Lagerstätten. These results suggest that: flotation 
is not required for fishes to get dorsal curvature; fish corpses undergo disarticulation and 
fragmentation, including complete fracture of axial skeleton, due to mechanical effects 
of the decay process itself, with no other biotic or abiotic necrokynetic agent involved; 
signs of transport are first detected in the loss of scales and in the distal abrasion of 
fin rays, especially dorsal and caudal ones. These results are significant for interpreting 
the conditions of fish preservation in fossil-Lagerstätten. Since most fishes from Las 
Hoyas show intact fin rays, we conclude that they did not suffer transport before or after 
burial. Therefore, they are autochtonous, as they are preserved in the original area of 
production of the remains. Since most are complete articulated skeletons, they must 
have been protected from the mechanical effects of the decay process by some agent, 




Fish preservation at Las Hoyas
Las Hoyas is a fossil-Lagerstätte that has long been recognized for the remarkable 
conservation of its specimens, as most plants, invertebrates, and vertebrates usually 
show excellent preservation. In the case of fishes, most specimens are preserved in their 
entirety and in anatomic connection (e.g., Poyato-Ariza and Martín-Abad, in press; Soler-
Gijón et al., in press; Fig 7.1A-E). Soft tissues preservation at Las Hoyas includes fish 
muscles and eyes; these can be preserved “as organic remains or as a result of authigenic 
mineralization” (Gupta et al., 2008: p. 6). Excellent preservation is observed even in the 
youngest, less ossified individuals (Wenz and Poyato-Ariza, 1994; Soler-Gijón et al., in 
press; Fig 7.1B-C). Osteological details in fishes are often shown in exquisite detail, such 
as the integrity of the most delicate fin rays (Fig 7.1D-E), series of thin intermuscular 
bones or tiny pores of the canal sensory bones of the skull, from which the course of 
the canal itself can be traced (e.g., Poyato-Ariza, 1994, 1996; Wenz, 2003; Poyato-Ariza 
and Wenz, 2004; Poyato-Ariza and Martín-Abad, in press). Some previous attempts 
have tried to explain the overall preservation of the fossils in this locality with general 
taphonomic analyses (e.g., Fregenal-Martínez et al., 1995) or focused on fossil diagenetic 
(post-burial) processes (Gupta et al., 2008). In this paper, we provide additional data for 
the understanding of the remarkable preservation of the fossil fishes from Las Hoyas.
Figure 7.1. Examples of fish preservation in primitive teleosts from Las Hoyas    
showing integrity and complete articulation of structures in anatomical 
connection. A) Specimen MCCM LH 017 (adult). B) Specimen MCCM LH 145 
(juvenile). C) Specimen MCCM LH 9639 (very juvenile). D) Detail of caudal 
fin of specimen in B. E) Detail of dorsal fin of specimen in B. F) Carcasses of 
fishes after decay in marine water. G) Detail of one specimen in F. Left arrow 
indicates strong curvature of body axis; right arrow indicates fractured caudal 
fin. H1-3) Disarticulated, dispersed and “disappeared” carcasses of fishes after 
decay in fresh water. Large red arrows between photos indicate progression of 
decay; arrows on H3 point the only remains of the carcasses, barely a shade in 
the sediment without bones. I1-6) Details of different specimens suspended 
in partial flotation with weight supported by head and/or caudal fin; arrows 
indicate curvature, disarticulation, and fracture; notice also large scattering, 
as in the missing caudal fin of specimen in I3. A-C, scales equal 5 mm; D, E, 






Taphonomic processes and agents
The state of preservation of any fossil depends basically on: A) the anatomic 
structure of the original organism that produced it (i.e., presence or absence of 
mineralized body parts); and B) the whole, enormously complex process that led to the 
formation of the fossil. Taphonomy is the science that tries to unveil the processes of 
fossilization; one of its key focuses is to diagnose the roles of the various taphonomic 
agents (Behrensmeyer et al., 2000). It is a very complex field, constantly in process of 
development, both theoretically and practically. Therefore, it seems convenient to clarify 
some terminology that will be used in the present chapter concerning the different 
taphonomic processes that may occur during fossilization, in order to be able to diagnose 
the corresponding agents with more precision.
 Before the burial of the remains, all processes and their corresponding agents 
are considered biostratinomical. This is the phase the present chapter will be focused 
on. Of course, the final preservational features are also explained by all the processes 
that occur after the burial of the remains; this other phase, the diagenetic one, has been 
previously covered for the fishes of Las Hoyas by Gupta et al. (2008). This is why it seems 
more informative to focus on the biostratinomic phase in the present chapter.
 All organic matter in the corpses (body remains) begins to suffer decay immediately 
after death, so it is especially interesting to test the effects associated to decay in the 
integrity of the remains. The processes we will be dealing with in the present work 
include:
• Abrasion: wearing by mechanical friction.
• Curvature: change in shape of the body axis in corpses by describing arcs.
• Decay: comprises all chemical reactions of decomposition processes plus 
the physical changes suffered by the remains as a consequence of this 
decomposition.
• Degradation: chemical breakdown of the organic matter.




• Disconnection: physical breakdown of the anatomical connexion of the 
skeletal elements, with or without subsequent dispersion of these elements.
• Necrokynesis: includes all vertical and horizontal movements of the remains.
Actuotaphonomic approach
Fossilization is a highly variable process that depends on multiple interacting 
agents. As for any other process, the effects of the interaction of the factors are different 
from their mere addition or succession, resulting on a complex, continuous progression 
that is never exactly the same in two cases. For the complexity of the taphonomic history to 
be accurately comprehensible, each isolated factor and agent must be separately studied, 
so that their interaction, and ultimately the whole process, can be put into context. The 
study of these factors and agents can be made from different approaches; one of them 
is from Actualism as the methodology of inferring the nature of past events by analogy 
with processes observable and in action in the present (Rudwick, 1971: p. 110). The 
application of Actualism in Taphonomy results on the actuotaphonomical methodology, 
which consists on using data from current processes that may allow inferences on the 
factors, variables and agents that acted on the processes of fossilization in the past.
 Going a step further, this means that Taphonomy, including actuotaphonomy, 
provides information about the changes suffered during the fossilization process, 
and therefore helps restore the whole environment that existed when the organisms 
lived. In this sense, actuotaphonomical methodologies prove very useful to accomplish 
palaeoecological reconstructions which, in turn, could even be considered incomplete 
if are not contrasted with the information provided by actuotaphonomy. This 
actuotaphonomical approach is the one chosen here to contribute to the knowledge on 
Las Hoyas palaeoecology.
 This contribution is focused on some of the biostratinomic factors that caused 
the excellent preservation of the fossil fishes from Las Hoyas: namely their integrity, 
anatomic connection, and osteological detail, even in the smallest, most delicate 
specimens (Fig 7.1A-E). We implemented an experimental actuotaphonomic approach 
by designing laboratory experiments using extant fishes, which allow control of one or 
more of the variables involved (e.g., Kowalewski and Labarbera, 2004). Two different 
experiments were designed: one to check the mechanical effects (including curvature 
and disarticulation) of the decomposition process, and another to check the effects of 





The initial aim of this experiment was to check the effect of body size and salinity 
in the curvature of the carcasses. With this purpose, a Straightness Index (SI) was defined 
as the ratio between the Final Length (FL; in curved position) and the Initial Length (IL; 
in straight position), both measured between the posterior rim of the orbit and the 
distal end of the caudal lobe (Fig 7.2). This index can vary between 0 and 1, the former 
implying no straightness (i.e., maximum curvature) and the latter maximum straightness 
(i.e., no curvature).
Figure 7.2. Schemes showing the measurements taken for establishing the Straightness Index (SI). 
Illustration by A. Martín-Abad.
 Three series of fish corpses were left decay in two tanks, one with fresh water 
and another with salt water, both with micritic sediment at the bottom, as similar as 
possible to the one that was deposited at Las Hoyas, plus a control series in a tank in dry 
(subaerial) conditions, only with micritic sediment. Each water-decaying series of fishes 
consisted, in turn, of three relative series (small, medium, and large) of five individuals 
each, selected according to size range among the specimens available and size of each 
particular taxon. For the freshwater tank, we used the characid Thayeria boehlkei (small: 
1.4-2.2 cm in total length), the cyprinodontiform Poecilia sphenops (medium: 2.8-3.2 cm), 
and the cyprinid Epalzeorhynchus frenatum (large: 3.4-4.2 cm; Fig 7.3A). The specimens 
had been dead less than 24 hours; they were kindly provided by Tropical Center ICA, 
S.A. For the salt water, we used clupeiforms from the anchovy family (Engraulidae): 
Engraulis encrasicholus of 7.5 cm in total length (small), 8.3 cm (medium), and 11.5-
12.5 cm (large; Fig 7.3B). These fresh carcasses were supplied by the fish market as they 
arrived directly from the Cantabric Sea, also less than 24 hours after death. The control 
series (dry decaying) was similar to the fresh water decaying series. As explained earlier, 
the size ranges depended on the material available, but in any case were intended to 
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cover the most abundant length ranges of the Las Hoyas fossil teleosts (small Chanidae 
plus small to large undescribed new groups; see Poyato-Ariza, 1994, 1996, 1997; Wenz 
and Poyato-Ariza, 1994); the initial aim was to check the possible effect of length in the 
behaviour of the carcass during decay.
Figure 7.3. Fresh corpses used in the first experiment. A) Specimens used in the fresh water tank. Left 
to right: Thayeria boehlkei (small series), Poecilia sphenops (medium series), and Epalzeorhynchus 
frenatum (large series). B) Specimens used in the marine water tank Engraulis encrasicholus. Left to 
right: small, medium and large series. Most fins are not deployed because the photos were taken in 
dry conditions. Scales equal 2 cm (same for all specimens in A and in B).
The freshwater and the micritic sediment for the bottom came from La Lengua, 
one of the southeastern pools of the Lagunas de Ruidera, in Ciudad Real (Spain); the 
marine water came from Playa del Bellreguard, in Valencia (east Spain). Each 100-litres 
water tank contained 35 litres of water; the thickness of the previously filtered bottom 
sediment was about 4.5 cm in each of the two tanks, and a little thinner in the control tank. 
The tanks were sealed and kept away from direct sunlight, so that these environments 
were kept isolated from external agents at a constant temperature during two months. 
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This temperature was around 30ºC to represent the seasonal subtropical climate of 
the area of Las Hoyas during the Barremian (Early Cretaceous; Buscalioni and Fregenal-
Martínez, 2010). This permitted to carry on observations on the decay process of the 
carcasses without the intervention of any of the usual biotic and abiotic necrokynetic 
agents (e.g., scavengers, currents, tides).
 A scheme of the material used can be seen on Figure 7.4; the detailed list of 
material used in this experiment can be found in the Taphonomic Appendix (Section 
11.3); all fossil material is housed in the Museo de las Ciencias de Castilla-La Mancha, 
Cuenca, Spain (MCCM); the detailed data obtained in this experiment can be found in 
the Taphonomic Appendix (Section 11.3).
Figure 7.4. Schemes of material used in the first experiment, showing the control dry decaying series 
(left) and both water-decaying series (centre, right). Illustration by A. Martín-Abad.
Second experiment
This experiment was designed to try to clarify some questions that arose from the 
first experiment. They involve the effects of necrokynesis in abrasion and disarticulation 
processes by mechanic agents, in order to compare it with those that resulted from 
decay alone. In this experiment, a series of fish corpses was submitted to controlled 
necrokynesis. They were three individuals (Fig 7.5): one of each of the cyprinodontiforms 
Poecilia reticulata (small, 4.0 cm) and Poecilia sphenops (medium, 5.2 cm), and one of the 
cobitid (Cypriniformes) Botia maracantha (large, 8.1 cm). As with the first experiment, 
they were supplied freshly dead by Tropical Center ICA, S.A.
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Figure 7.5. Fresh corpses used in the second experiment. A) Poecilia reticulata. B) Poecilia sphenops. 
C) Botia maracantha. The mm paper in the background serves as scale.
Each fish was introduced in a glass laboratory tube of 90 ml of capacity. Each 
tube was filled with 1/3 of fresh water and 2/3 with the corpse plus sediment consisting 
of small pebbles of about 3 mm in diameter from the gardens close to our laboratory; 
the tubes were then sealed with parafilm (Fig 7.6A). After sealing, each tube was left to 
roll by gravity action from the upper part of a metallic surface, 78.5 cm long, inclined 
19.5º degrees to the horizontal (Fig 7.6B). Both the proportion of water plus sediment 
in each tube and the inclination of the surface were determined experimentally in order 
to obtain the maximum available freedom of movement for the corpse, the sediment 
and the water when letting the tube roll down. Times were measured (see Taphonomic 
Appendix, Section 11.3), which allowed to estimate that the speed of the tube at the end 
of the roll was about 0.5 m/s. Together with the weighting of the fishes and the material 
(Taphonomic Appendix), this allowed to estimate that the total energy accumulated was 
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slightly inferior to 1 jule. The corpses were photographed before the experiment (Fig 
7.5); then, they were left rolled in series of five times each; after each series, each corpse 
was carefully extracted with small tweezers and photographed (Fig 7.7). There were 40 
series of five rolling each. The rolling series were stopped when the first significant effects 
were clearly noticeable. Photographs were taken in a Petri plate with a thin water layer, 
in order to spread the fins for checking the effects in the fin rays. The corpses where 
carefully put back into the tubes after each photograph session, and the tubes sealed 
again with fresh parafilm in order to run the next five-times rolling series.
Figure 7.6. Some material used in the second experiment. A) A standard tube without fish. B) The 
ramp where tubes with fishes were rolled.
Figure 7.7. Photographs of one of the specimens (Poecilia sphenops) taken during the experiment. 
Arrows indicate the progression of the process, starting upper left and ending lower left. Notice 
progressive degradation of the fin webs, fractures and general distal shortening of the dorsal and anal 




The detailed list of material used in this experiment can be found in the 
Taphonomic Appendix.
RESULTS
First experiment: mechanical behaviour of fish corpses
The three series of fish corpses decayed in controlled conditions, unaffected 
by scavengers or any other agent of transport. A number of variables were measured 
(Taphonomic Appendix) and observations were made at regular 12-hours intervals 
during the first month, and approximately once every other third day during the second 
month because the process slowed down and changes were barely noticeable. This way 
the decaying process could be quantitative and quantitatively accounted for (Martín-
Abad, 2008, 2009). For reasons of space, in the present chapter we will comment only 
those data that are significant for our evaluation of the final state of preservation of the 
fossil fishes from Las Hoyas.
Curvature: Measures of the Straightness Index (SI) did not result as expected. In 
the marine water tank, corpses were floating only during the first hours; then, they sank 
and the abdominal tissues were torn later on, during the first days (Fig 7.8). Curvature 
did occur, but was not exclusively, not even mainly, caused by upside-down flotation in 
the surface. Additionally, this curvature, at the end of the process, was not more or less 
symmetric, as expected, but concentrated in the region immediately posterior to the 
head (Fig 7.1F-G). Concerning size, small individuals appeared more curved (smaller SI) 
than medium and large individuals (see Taphonomic Appendix).
However, the most unexpected result was that the SI at the end of the process 
was impossible to measure in the individuals of the fresh water tank, because they were 
disconnected, disarticulated, and largely scattered during their decay process (Fig 7.1H), 
bones even disappearing completely. Curvature did occur in these individuals during the 
decay process; surprisingly enough, it was not dorsal, but lateral (Fig 7.8), disappearing 
as the decomposition and fragmentation process advanced. At the end of two months 
of data collection, the corpses introduced in the freshwater tank show a relatively much 
more advanced state of decomposition (Fig 7.1H); in most of the carcasses, the different 
parts of the body are hardly recognized, being in general the axial skeleton and especially 
the skull the best preserved regions. In comparison, the corpses introduced in the marine 
water tank show a higher level of integrity; the most common processes shown here are 
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sagittally oriented fractures and fragmentation of fins rays, especially those of the paired 
fins. In turn, fishes from the control series that suffered decay in dry conditions suffered 
curvature as well. However, this curvature was more symmetrical, not concentrated in 
the postcephalic region, and of a lesser extent (Figs 7.8-7.9).
Figure 7.8. Schematic expression of some qualitative observations made during the decay process in 
controlled conditions in the first experiment. A) Fresh water tank. B) Marine water tank. C) Control 
dry series. Full squares represent intense processes; circles represent more progressive processes. See 
below each graphic for the corresponding code of observations.
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Fiure 7.9. Specimens of the control series after decay in dry conditions. A) Small size series. B) Medium 




Necrokynesis and disarticulation: The vertical movements of the corpses were 
very limited, and only occurred during the first days, as they quickly sank (Fig 7.8). No 
necrokynetic agents such as scavengers, currents, tides or transport of any kind were 
allowed in the experiment. Disconnection, disarticulation, and necrokynesis were totally 
absent in the control series in dry conditions. Necrokynesis was almost absent in the 
fresh water tank, despite the accumulation of gas in the abdomen, and the corpses kept 
their integrity until they nearly disappeared. However, processes usually related with 
necrokynesis, like disarticulation with scattered dispersion, did occur during the decay 
process in the marine water tank, where there were severe cases of disconnection, 
with posterior disarticulation and occasional dispersion; this included some cases of 
remarkable fractures in the postcephalic or caudal regions (Fig 7.1F-G), while the fish 
corpse was partially suspended in the water supported on the bottom by the anterior 
and/or posterior end (Fig 7.1I). As a corollary, we observed that these necrokynetic 
processes did occur without the intervention of any necrokynetic agent other than the 
process of decomposition itself.
Second experiment: mechanical effects of abrasion
The results of the second experiment were very similar for the three corpses; 
regardless of size, all corpses presented a high degree of integrity at the end of the process, 
except for scale loss and fin abrasion (Fig 7.7). The loss of scales was progressive, starting 
in the dorsal region of the body; this loss was greater in the medium size specimen, so it 
seems that size was not a relevant factor.
 However, the most interesting result was that the first (and only, other than 
scale loss) result of abrasion was exclusively shown by the fins. In all cases, there was a 
process of progressive degradation of the fin webs (starting at about the 20-30th rolling 
series), then distal fractures of the fin rays (about 100-120th series), and, eventually, 
disarticulation and loss of the distal segments of the fin rays (about 150-170th series). The 
fin that was affected the most in this process was the dorsal one, followed by the caudal 
one (Fig 7.10). All other skeletal elements appeared intact, in anatomic connection, at 
the end of the whole rolling series. Interestingly enough, this distal fin rays abrasion 
appeared rather early, even with low kynetic energy.
[ 303 ]
CHAPTER 7: TAPHONOMY
Figure 7.10. Details of fin-rays distal abrasion in specimen on Figure. 7.5A. Posterior region of body to 
show changes in dorsal and caudal fins. Arrows indicate progression of the process. Notice the general 
distal fractures and shortening of the fin rays, especially of those of the central caudal fin rays and of 
the anteriormost dorsal fin rays, which are eventually disarticulated and lost.
DISCUSSION
Curvature
We obtained evidence that the curvature of the corpses does not depend on 
upside-down flotation at the surface; such curvature happens later in the process, 
regardless of the fact that the corpse has been floating or not. This confirms that 
curvature is not exclusively due to the action of the gravity while the corpse floats 
on the surface. Other factors are more important, such as the internal structure (i.e., 
contraction of ligaments: Bieńkowska, 2004) and the interactions with the bottom and 
the walls (e.g., Fig 7.1I). We obtained limited evidence that the curvature of the corpses 
is greater in smaller individuals; it is possible that less ossified individuals are more prone 
to suffer greater contractions by ligament contraction. Our evidence is limited, because 
the number of individuals used was not statistically significant, but is consistent with our 
observations in the fossils of Las Hoyas, where smaller individuals often appear de visu 
more curved than larger individuals.
 These implications are confirmed by the type of curvature of the specimens in 
the control, dry-decay series. Their curvature is more symmetric, not concentrated in 
the postcephalic region, and less marked (Fig 7.9). Therefore, it should be the exclusive 
effect of internal factors (ligaments) without the action of necrokynesis (movements of 
the carcass) during the decay process. According to these results, fish fossils with this 
type of curvature probably suffered no necrokynetic movements during decay, due to 
some kind of protection of the corpse, or may have suffered dry-conditions decay. In 
turn, fossil fishes with strong curvature concentrated in the postcephalic region probably 





Disarticulation, including partial to complete separation of the postcranial and/or 
caudal region, did occur. According to our experiment, this type of fracture is clearly not 
the result of heavy transport, since it appears as a result of the process of decay itself, 
without intervention of any “traditional” necrokynetic agent, such as currents, flows or 
tides. Furthermore, disarticulation and limited dispersion did occur in both water tanks 
as an effect of the decay process itself.
 Additionally, we observed some differences in the intensity of the dispersion 
between both water tanks; fishes in the marine water tank suffered less dispersion. One 
of the factors that probably influenced these differences was the occurrence of a biofilm 
in the marine water tank; such a biofilm did not appear in the freshwater tank (Fig 7.8). 
This biofilm must have provided some mechanical protection to the corpses by limiting 
their movement in the water column. Additionally, it may have participated in generating 
a microenvironment of partial anoxic conditions, as measured at the end of the process 
(Taphonomic Appendix). It was probably a key factor in the relatively lower degree of 
decomposition of the corpses in the marine water tank (Fig 7.8). Therefore, the presence 
of a biofilm seems to be a relevant factor in the quality of the final preservation.
 These results are quite remarkable, as disconnection, disarticulation, including 
partial to complete fractures in the vertebral column, and even dispersion with large 
scattering did occur without the intervention of necrokynetic agents. This led us into 
checking the real effect of mechanic abrasion during necrokynesis, hence the design of 
the second experiment.
Abrasion
The results of the second experiment have important bearing on interpreting 
the state of preservation of the Las Hoyas fishes, and also fishes from other localities. 
These results showed that when transport of the corpses occurs and has enough energy 
to result on abrasion, this abrasion starts as loss of scales in the dorsal region and, most 
significantly, as disconnection, disarticulation and eventual loss of the distal elements of 
the fin rays, especially in the dorsal and caudal fins. The fishes from Las Hoyas, in most 
cases, preserve the scales and the fin rays in their entirety, without signs of disconnection 
or disarticulation (Fig 7.1A-C; see also Poyato-Ariza and Martín-Abad, in press). This 
indicates that, most likely, they did not suffer abrasion by transport. Consequently, 
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these fossil fish specimens can be inferred to be autochtonous, that is, they were 
registered where they were produced (see Fernández-López, 2000). Additionally, it also 
suggests that signs of abrasion by mechanic transport must be first detected in the distal 
portions of the dorsal and caudal fin, and in loss of scales, starting on the dorsal region. 
Disarticulation and disconnection of other elements, including the axial skeleton, do 
occur during decay without transport, as we just saw above.
CONCLUSIONS
Our experiments have shown three significant results concerning the 
preservational features of the Las Hoyas fishes in particular, and of fishes from fossil-
Lagerstätten in general.
 The first result is that flotation is not required for fish corpses to get dorsally 
curved by gravity action. Such curvature does occur as the corpse moves vertically in the 
water column and/or horizontally on the bottom surface, combined with the contraction 
of the ligaments.
 The second result is that fish corpses can suffer disarticulation and fragmentation 
as a result of the movements of the body caused by the decay process itself, even in the 
absence of any other type of biotic or abiotic necrokynetic agents. In other words, the 
process of decay can act as a necrokynetic agent, resulting on disarticulation and even 
dispersion.
 The third significant result is that abrasion by transport firstly results on 
disconnection, disarticulation, and loss of scales and of the distal elements of the dorsal 
and anal fin rays before any other elements are disconnected or disarticulated. Signs of 
mechanic transport are to be firstly detected as such. Future experimental designs may 
include larger samples and a greater freedom of movement and input of energy in order 
to evaluate subsequent effects of transport.
 The fishes from Las Hoyas show fin rays and scales in their integrity in the vast 
majority of cases. According to our results, this indicates that they did not suffer transport, 
and are consequently autochtonous. Since the specimens do not show disarticulation or 
disconnection of any other elements either, they must have been protected from the 
mechanical effects of the decay process by some agent, possibly biofilms or microbial 
mats (see Guerrero et al., in press).
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 Concerning other fossil Lagerstätten, our results indicate that decay by itself can 
spontaneously result on disconnection and disarticulation, including complete fractures 
of the axial skeleton (e.g., Viohl, 1994: fig. 1; Brito, 2007: figs. 12.1, 12.3c, 12.4a, plate 
18a), and even in eventual dispersion and dissolution of bones. This calls off the need 
for currents, tides, storms, or any other kind of transport agents at all for those fossil 
fish specimens with complete fractures of the axial skeleton, and even with heavy 
disconnection and dispersion of the skeletal remains. Signs of transport are to be firstly 
detected in the disconnection and disarticulation of scales and in the distal disconnection 
and disarticulation of fin rays, especially those of the dorsal and caudal fins.
 According to the present results, it seems highly advisable to continue this line of 
actuotaphonomical research in order to pursue a better understanding of the formation 
of biofilms and mats in Las Hoyas by studying their effects in combination with those 
of other taphonomical agents during the biostratinomic processes, as well as their 
relationship with the exquisite quality of the final preservation of its fossils. This may 
also provide interesting future applications to the study of the modes of preservation of 
fish specimens from other fossil Lagerstätten.
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7.3 EXPERIMENTATION WITH LARGE-SIZE CARCASSES
The results obtained in the experiments explained in the previous section 
provideuseful tools for the interpretation of the fossilization processes in Las Hoyas. 
However, one of the conclusions drawn from these experiments is that the biological 
structure (i.e., body characteristics) of the carcasses also plays an important role in the 
biostratinomic processes that eventually led to the fossilization of the remains. In this 
sense, the sample studied in those experiments covered the most common size ranges 
for the fishes of Las Hoyas; however, although rare, some large-size specimens have 
also been retrieved at this site. Likewise, we used carcasses that belonged to different 
teleostean taxa for these experiments because, in contrast to the bowfin, they were easily 
obtained from local fish farms and markets. However, size and other body characteristics 
of teleosts are different from those of amiiforms, so it was evident that an actuotaphomic 
experiment with larger fishes, including at least one bowfin, were necessary in order to 
extrapolate the results to the amiiformes from Las Hoyas with additional reliability.
Therefore, a last series of experiments was developed where biostratinomic 
processes of decomposition were studied in a sample of large-size carcasses, including 
one of Amia calva. It is worth noting that availability of Amia calva individuals for 
experimentation is extremely difficult. On one hand, laws of the USA and Canada, the 
only countries where Amia calva inhabits, prohibit the exportation of living individuals 
of this species. On the other hand, individuals that have been dead for a long time are 
not useful for actuotaphonomic experimentation, because their physical and chemical 
properties are quite different from those of a fresh carcass. Therefore, we could only 
dispose of one specimen for the last series of experiments, which measured 60 cm in 
TL (Fig 7.11A). This specimen was kindly sent to the Universidad Autónoma de Madrid 
by the Field Museum of Natural History (Chicago, USA); this individual formed part of 
the catches they had just made to expand their collections. It was sent preserved in ice, 
nearly as soon as it was caught, and it was frozen until the beginning of the experiment.
The sample of this series also included eight carcasses of trout (Oncorhynchus 
mykiss) around 47-50 cm in TL (Fig 7.11B). Emulating the same environments than in the 
previous series, four of the carcasses were set to decay in dry conditions, two in a tank 
filled with freshwater, and two in a tank filled with marine water. The Amia calva carcass 
was also introduced in a tank with freshwater.
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Figure 7.11. Carcasses used in the additional series of experiments. A) Amia calva. B) Oncorhynchus 
mykiss. Scale bars equal 10 cm.
The carcasses were left to decay for near a year in similar conditions to those 
of previous experiments: isolated tanks, both freshwater and marine, with carbonate 
sediment, without physical disturbance and no necrophagous macroscopic organisms. 
In this period, we observed that, despite the difference in size between these specimens 
and the ones used in previous series of experiments, the general decay process was 
quite similar. The dry carcasses suffered a rapid loss of weight during the first days of 
experimentation; this loss became slower around days later, until it was almost inexistent 
around 40 days after starting the experiment. These carcasses suffered changes in 
coloration and dehydration of tissues, as happened with the smaller ones. The carcasses in 
marine water suffered a much slower process of decomposition than those in freshwater, 
at least during the first weeks of experimentation; later on, turbidity of water was so high 
that not much could be observed. When the tanks were emptied after the end of the 
experimentation, soft tissues on the marine water tank were relatively recognizable, but 
due to their weak consistency they got destroyed when the tank was emptied. Finally, 
the bones, covered with sediment, were disarticulated but still recognizable (Fig 7.12A-
B). In contrast, most tissues in the freshwater tank were almost unrecognizable at the 
end of the experimentation, including bones; only some vertebrae are still identifiable, 
and they present a very bad state of preservation (Fig 7.12C-D).
The carcass of Amia calva suffered basically the same process than the trouts in 
freshwater. The carcass floated for 15 days; the soft tissues began to break apart around 
eight days after the start of the experiment, before the carcass sank to the bottom of the 
tank. At the end of the experiment, no soft tissues were observable (Fig 7.13). However, 
most bones were still relatively recognizable, although they presented several signs of 
decomposition. Most skeletal elements were disarticulated, and partially dispersed, 
except for the neurocraneum, which remained articulated (Fig 7.14).
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Figure 7.12. Pictures of large-size trout carcasses after tanks were emptied at the end of the 
experiment. A) Marine water tank, where the two skeletons are still relatively recognizable and bones 
well-preserved. B) Detail form A. C) Freshwater tank where only some vertebrae with a very bad state 
of preservation are recognizable. D) Detail from C.
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Figure 7.13. Disarticulated skeleton of Amia calva at the end of the experiment. Note that the 
neurocraneum is the only structure that remains articulated.
These results are very similar to those from previous series of experiments. The 
biological structure of carcasses plays an important role in the decay process; ossification 
of Amia calva is stronger than that of the teleosts used in these experiments, and thus 
the decomposition process of its bones is slower, even if the process itself is very similar. 
Environmental conditions are also a key factor in decay; different organisms introduced in 
the same conditions (i.e., freshwater) suffer a similar decay process. In summary, there is 
additional support for drawing taphonomical interpretations in the fossilization process 
of the amiiforms from Las Hoyas on the basis of the experimental series developed in 
this work. The presence of some mechanism that prevented decomposition is needed to 
explain the exceptional preservation of Las Hoyas amiiforms, most of which are complete 
and fully articulated. Only the largest specimen of “Caturus”-like taxon is disarticulated in 
a similar manner (Fig 7.15), thus indicating that unprotected fossilization was extremely 
rare at Las Hoyas. The protective mechanism suggested herein is the growth of microbial 
mats, as indicated by additional data and experiments from the research team of Las 
Hoyas. Microbial mats favored that even the smallest, most delicate individuals were 
perfectly preserved in their entirety. As a result, no taphonomical bias modifying the 
provenance of the amiiforms can be inferred at Las Hoyas; in other words, there was no 
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Figure 7.14. Details from picture on Figure 7.13 of Amia calva skeleton after experimentation. A) 




 transportation prior to burial and the carcasses were fully protected since the earliest 
stages of the biostratinomic processes. The palaeoecological implications of this will be 
explored in the next section (Chapter 8).
Figure 7.15. A) “Caturus”-like taxon specimen MCCM LH 520a/b. B) and C) Details from A. Skeletal 
elements are mostly disarticulated, but they have suffered very little dispersion. Some structures 
remain partially connected or even articulated (e.g., fins). Note the similarity of the disarticulation 











CHAPTER 8: PALAEOECOLOGICAL INTEGRATION
8.1 INTRODUCTION
In the seven previous chapters of this dissertation we have approached the 
amiiform fishes of Las Hoyas from a number of disciplines. We have studied their anatomy 
and provided a glimpse on their ecomorphological disparity from a comparative point 
of view, and established their phylogenetic affinities. We have studied their diversity 
and how they affect the historical patterns of distribution in a palaeobiogeographic 
analysis. We have investigated the patterns of age and growth revealed by the marks 
left in their skeletal structures by means of an osseochronometric analysis. And finally 
we have studied the decay processes on recent fish carcasses to infer environmental 
characteristics that allowed for the exceptional preservation of the fossil record at the 
site.
This eighth chapter aims to integrate the information obtained in previous 
chapters in order to establish the ecological role played by the three taxa in their 
palaeoecosystem. The goal is to set a preliminary approach on how these fishes lived  in 
the wetland of La Hoyas some 125 million years ago, as a basis for future palaeoecological 
work on this locality.
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8.2 AUTOCHTHONY AND ALLOCHTHONY
Fossil associations need to be approached from different criteria to understand 
the taphonomical and palaeoenvironmental characteristics from the data provided by 
the corresponding site. One of this criteria is denominated degree of autochthony. A 
fossil or a fossil association is autochthonous if it has not been transported from the 
site where the entity was produced, that is, the organism(s) died or left any sign of vital 
activity, to the place where they are conserved, that is, buried. In contrast, a fossil or 
a fossil association is allochthonous if it has suffered transport out of the place where 
the entity was produced to the place where it was conserved. Parautochthony is an 
intermediate degree where fossils or associations suffered a very limited transport 
within the same ecosystem where the organism died or left any sign of vital activity 
(Fernández-López, 2000; Buscalioni and Poyato-Ariza, in press).
According to the conclusions drawn from the actuotaphonomical experiments 
explained in the previous chapter, the amiiform fossil association of Las Hoyas has to be 
considered as autochthonous. In these experiments we observed that even the slightest 
transportation of fish carcasses caused observable damages due to abrasion, mainly loss 
of scales and, a bit later on, disarticulation of distal ends of fin rays. Dorsal fin rays were 
the first to be affected, followed by anal fin rays. In most fish remains from Las Hoyas 
where fins are visible, fin rays are entirely preserved (Fig 8.1).
Figure 8.1. Specimen of “Caturus”-like taxon showing dorsal fin with entirely preserved fin rays. Scale 
bar equals 1 cm.
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This conclusion is actually quite relevant for the interpretation of ancient fish 
population structures, since we know that the fossils that are found in the site where 
produced there, rather than being transported from a different environment or even a 
different place in the same ecosystem. In other words, it allows us to reject the hypothesis 
that the population distribution of fishes analysed in Las Hoyas presents a taphonomic 
bias. Therefore, the fish individuals that we are finding are those that actually died there, 
so the population inferences can be obtained without distortion from biostratinomic 
bias involving transportation.
As a consequence, once the autochthony of the fossil association from Las Hoyas 
is established, we can proceed to analyze the population structure of the Las Hoyas 
amiiform taxa from the point of view of its potential palaeoecological bias. 
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8.3 PALAEOECOLOGICAL BIAS
ECOLOGY OF AMIA CALVA
For better interpreting the palaeoenvironmental conditions in which the amiiform 
fishes from Las Hoyas lived, the ecology of their only extant relative, Amia calva, supposes 
an invaluable source of information. 
The bowfin inhabits clear, calm water in low areas, especially in backwaters of 
rivers and oxbows and in lakes that have much aquatic vegetation (Cross and Collins, 
1995). Adult bowfins usually live in deep water, coming into shallows at night and during 
the breeding season (Becker, 1983). Bowfin have a lung-like gas bladder, and their intake 
of air-breathing rate increases with temperature (Becker, 1983), which enables them 
to withstand intermittent drought periods by aestivation (Jenkins and Burkhead, 1993). 
The thermal distribution of Amia calva does not include mean annual temperatures 
below freezing, but the cold month mean temperature can be as low as -14° C (Eberle 
et al., 2010). At 10°C and below, the bowfin is relatively inactive; their greatest activity 
occurs between 18.4 and 29.6°C, and the critical thermal maximum for this species 
is 35.3°C (Becker, 1983). Spawning usually occurs in water from 61 to 152 cm deep in 
spring (Becker, 1983); the optimum temperature for nest construction and spawning 
is 16-19°C (Scott and Crossman, 1973). Sexual maturity takes place at about age 4 for 
males, and at ages 4-5 for female in temperate environments, and at about age 2 for 
males and age 3 for females at northern latitudes (Jenkins and Burkhead, 1993; Cartier 
and Magnin, 1967). Size at sexual maturity varies latitudinally, being greater at northern 
latitudes (Jenkins and Burkhead, 1993). The longest bowfin reported was 109 cm in 
length (Becker, 1983; Page and Burr, 1991), and the world record weight for a bowfin 
is 9.8 kg (Jenkins and Burkhead, 1993). Longevity is higher for females than for males 
(Jenkins and Burkhead, 1993).
POPULATION STRUCTURE
The populations of the three taxa from Las Hoyas studied herein present 
remarkable differences (Fig 8.2). The modal age class in the population of the “Caturus”-
like taxon is 3 years old. Survivorship in natural populations involves that the largest 
number of individuals in a cohort are the youngest (zero years old), with subsequent 
numbers of progressively older fishes decreasing due to mortality (Weatherley and Gill, 
1987). The population of “Caturus”-like taxon implies that individuals younger than 
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3 years old were actually less abundant in the system, while they were supposed to 
be the most abundant. As concluded above, this lack of small scales is not due to a 
taphonomical bias, because of the absence of transportation and also of the excellent 
preservation that characterizes the site, where small scales are as well preserved as large 
scales. Therefore, the population structure obtained here from the aging of scales is 
likely to be a good representation of the original population. The mortality curve fitted 
to the descending limb of the population histogram of “Caturus”-like taxon (Fig 8.2, 
above) suggest that 4 years old individuals are slightly under-represented in the sample. 
Survival rate estimation for this species is 63%. Koch et al. (2009) obtained a mortality 
rate of 34-37% (survival rate of 66-63%) for populations of Amia calva in the Upper 
Mississippi River. This supports that mortality and survival rates, and therefore population 
distribution, obtained here for “Caturus”-like taxon are biologically comparable to those 
of Amia calva in those populations that were not actively breeding (i.e., breeding areas 
are somewhere else). Zero to two years-old individuals were not present in the same 
depositional area than the rest of the population.
 In contrast, the population of New taxon #1 (Fig 8.2, center) is concentrated 
between ages 0 and 3 years old; older individuals are very rare. The mortality curve fitted 
to the descending limb of the histogram suggests that 1 year old individuals are under-
represented, whereas 0, 2 and 3 years-old individuals are well represented. A population 
distribution where the youngest individuals are the most abundant is consistent with a 
population structure where breed is taking place actively, since all youngest ages are 
present. However, much older individuals (up to 17 years old) have been found in the 
site; their extreme rarity suggest that they did not live in the same water masses than 
the young individuals.
 The population of New taxon #2 is concentrated between ages 0 and 7 years old. 
The modal class is 0 years old, as is expected for natural populations in breeding areas. 
However, 4 and 6 years-old individuals are more common than 1-3 years-old individuals, 
which is not consistent with biological population structures. The mortality curve 
adjusted to this section of the histogram, with a very low r2 value (0.272) also shows 
that the population distribution does not represent that of a natural population. This 
is most likely due to the small size of the sample; New taxon #2 is the rarest amiiform 
species at Las Hoyas, as only 28 specimens could be aged for this study. Nonetheless, 
with this exception, 0-7 years old individuals are more common than older individuals as 
an ensemble, even though longevity is, at least, 18 years old for this species. As happens 
for New taxon #1, this suggests that we are dealing with a breeding area where older 
individuals of New taxon #2 did not inhabit the same area than the youngest individuals.
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Figure 8.2. Age-frequency histograms with the mortality curve (in red) superimposed over the data 
of ages three to eight for “Caturus”-like taxon, ages zero to three for New taxon #1, and ages zero to 
seven for New taxon #2. The mortality regressions were converted to nonlinear functions by taking 
the exponent (e) of the linear regression equations (see Chapter 6 for further details).
 In other words, “Caturus”-like taxon juveniles do not seem to live in the part of 
the Las Hoyas site that has been excavated so far; in contrast, New taxon #1 adults do not 
seem to live in those part of Las Hoyas either. The apparent population division or habitat 
partitioning in “Caturus”-like taxon and New taxon #2 coincides with the estimated age 
of sexual maturity for both species (3 and 2-3 years old respectively). Habitat partitioning 
has been documented in Amia calva, where adults usually live in deeper water, coming 
into shallows during the breeding season (Becker, 1983). Koch et al. (2009) studied the 
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population dynamics of Amia calva in the Upper Mississippi River, and found that almost 
no juveniles (0-3 years old) were present in the pools they analyzed (Fig 8.3). It is worth 
noting that most dominant fishes in modern wetlands are small-sized adults and juvenile 
individuals, because these ecosystems are used for protection and food source, thus 
forming important nursery areas (Buscalioni et al., in press).
In summary, the information obtained from the study of age and growth 
characteristics of the amiiforms from Las Hoyas suggests habitat partitioning from the 
age of sexual maturity, an interesting working hypothesis worth to be tested in the 
future, when larger samples are available for age and growth studies. 
Figure 8.3. Age frequency distributions of Amia calva sampled from Pools 11 and 13 of the upper 
Mississippi River. Total annual mortality (A) provided for each pool and sex. From Koch et al. (2009).
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8.4 ROLE IN THE TROPHIC WEB
Multiple arguments to validate Las Hoyas as a wetland have been proposed 
(see Buscalioni et al., in press). One of them is its taxonomic diversity, which contains 
a high ecological fidelity with respect to the taxa that characterize extant wetlands. 
A total of 117 families and 200 species have been identified at Las Hoyas up to date. 
Such a high ecological fidelity has allowed for a tentative reconstruction of the trophic 
interrelationships among the taxa present at the site. The development of the trophic 
web of the palaeoecosystem is one of the main current lines of investigation for the 
research team of Las Hoyas.
This first tentative trophic web is a Binary Food Web, that is, it is constructed 
from a matrix where feeding relationships of pairs of organisms (a predator and a prey) 
are represented in a unique sense (Gaedke, 2008). Therefore, in the resulting graph 
(Buscalioni et al., in press; see also Fig 8.4) nodes represent individual species, and 
links between the nodes simulate the direct interaction between species. Three main 
habitats are differentiated in the web: aquatic, terrestrial and amphibious. The trophic 
web is clearly biased towards the interactions among water-dependent organisms 
(aquatic plus amphibious), in part due to actinopterygians being the most diverse and 
abundant vertebrate group at the site. In other words, fishes are key members of the 
trophic web. As represented in figure 8.4, amiiforms are coded as predominantly feeding 
on all other fishes (including coelacanths, which are also considered ichthyophagous 
predators in the ecosystem, and would probably fed on the juvenile forms of amiiforms 
in turn). Amiiforms are also represented to feed on a variety of amphibians (salientians, 
urodelans, albanerpetontids). Additionally, they probably fed on aquatic invertebrates 
as well, mainly worms, crustaceans (spelaeogriphaceans, astacids, caricids), insects 
(odonatopterans, dipterans, heteropterans, coleopters), or mollusks (gastropods, 
bivalves). Several arcosaur groups inhabited Las Hoyas system more or less permanently; 
theropods, pterosaurs and a number of crocodilians most likely fed on fishes, including 
amiiforms.
The analysis of this network has resulted in the occurrence of groups with the 
same trophic relations, either being prey or predator, which are termed trophic guilds. 
Each trophic guild, thus, includes a number of different taxa with similar feeding habits. 
In this first network attempt, however, the resulting trophic guilds lack the information 
concerning the trophic changes involved with the ontogenetic development of the 
different taxa. Many species change their feeding habits throughout the distinct stages 
of their life cycles, and this is specially applied to fishes (Moyle and Cech, 1988); thus, 
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8.4. Trophic network of Las Hoyas. Organisms have been organized into three main habitats: aquatic 
(blue), terrestrial (red), and amphibious (green). From Buscalioni et al. (in press).
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our current working hypothesis for Las Hoyas is that a single species could be part of 
several trophic guilds. For this reason, we think that understanding the autoecology of 
the particular species, and especially how they grow and how their populations behave, 
will greatly improve the resolution of their trophic relations.
A first step is accomplished in the present thesis by studying the age, growth, and 
population structure of the three amiiform taxa known from this palaeoecosystem. The 
presence of juveniles, subadults and adults of the three species has been identified in 
different proportions in the different taxa, suggesting in all cases that habitat partitioning 
did occur in Las Hoyas, at least for amiiform fishes. Habitat partitioning is an indicator of 
niche partitioning, thus suggesting that, effectively, the different ontogenetic stages of 
these species cannot be included in the same trophic guild, but have to be segregated 
into several ones. As a reference, it has been documented that juveniles of Amia calva 
usually feed on invertebrate larvae, insects, ostracods and zoo and phytoplankton in 
general (Schneberger, 1937). Amia calva only starts feeding primarily on other fishes 
from the time it reaches about 10 cm in length (Lagler and Hubbs, 1940; Berry, 1955). 
Adults have also been observed to eat decapods (Grande and Bemis, 1998). In conclusion, 
the inclusion of ontogenetic-based trophic guilds in the Las Hoyas trophic network is 
necessary to accurately portray the ecological patterns of amiiforms and probably other 
fishes from this ecosystem.
[ 327 ]
CHAPTER 8: PALAEOECOLOGICAL INTEGRATION
8.5 AMIIFORMS IN THE WETLAND OF LAS HOYAS 
All the information gathered from the comparative palaeobiology of the three 
taxa as discussed above suggests that they occupied different niches within the wetland 
ecosystem of Las Hoyas. In fact, aquatic systems were two taxa of fishes occupy the 
exact same niche are extremely uncommon (Moyle and Cech, 1988). Communities 
where two or more taxa occupy the same niche are denominated stochastic, in contrast 
to deterministic communities. Deterministic communities are in equilibrium, with each 
species occupying its own niche to the exclusion of the other species. These communities 
have the following characteristics: they are persistent in their species composition; they 
are resilient against punctual environmental changes or disasters; their species show 
little overlap in their use of food and/or space; and they show a high degree of coevolved 
morphological divergence from one another. In contrast, stochastic or nonequilibrium 
communities respond to the so-called intermediate disturbance hypothesis (Connell, 
1978); in these communities the environment is too variable to allow a predictable 
community to develop, and the species present rarely manage to reach population 
levels high enough for competition or other biotic factors to regulate them. Thus high 
overlaps in diet and use of space are common, as are morphologically very similar 
species (Moyle and Cech, 1988). In this sense, by inferring results to the ecosystem of Las 
Hoyas, juveniles of New taxon #1 and New taxon #2 are hypothesized inhabit the same 
area than subadult and young adult individuals of the “Caturus”-like taxon; in contrast, 
the juveniles of the latter, as well as the adults of New taxon #1 and New taxon #2, 
are hypothesized to have inhabited different areas, yet necessarily connected somehow 
within the same ecosystem in order to complete their life cycle.
Additionally, an overall ecomorphological analysis of the three species shows 
that they are morphologically different, which provides further support for a niche 
distinction. As explained in Section 1.3 of this dissertation and in Poyato-Ariza and 
Martín-Abad (2013), body shape and size and teeth morphology are very informative 
criteria for defining the ecological position occupied by fishes (e.g., Lagler et al., 1977; 
Webb, 1984). In this sense, the three taxa could be categorized as large-size, medium-
size, and small-size predators, bearing in mind that these are comparative, relative sizes 
for the ensemble of the fishes from Las Hoyas. 
“Caturus”-like taxon presents the highest and shortest body contour (body depth 
represents 40.9% of SL in the longest known complete specimen). Its anal and dorsal fin 
are short (anal and dorsal fin bases represent 8.7% and 15% of SL respectively) and have 
a falcate shape with a concave posterior margin; they are located near the caudal fin. 
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This taxon presents also a forked caudal fin. Its dentition consists of numerous conical, 
pointed teeth, but these are notably smaller than those of the other two species. The 
maximum total size estimated for this taxon barely surpasses over 20 cm.
New taxon #1 presents an intermediate body contour in terms of length and 
height (body depth represents 37% of SL in the longest specimen known; this percentage 
is notably lower in smaller specimens; see Section 2.2). Its anal and dorsal fins are similar 
in length (9% and 16% of SL respectively) to those of “Caturus”-like taxon, and more 
rounded in shape. The dorsal fin of New taxon #1 is, however, much shorter than that of 
New taxon #2 (16% of SL versus 35% of SL). The caudal fin of New taxon #1, in contrast, 
is rounded and relatively high (approximately 30.3% of SL in New taxon #1 versus 18% in 
New taxon #2). Its paired fins present a larger surface than those of the other two taxa. 
Its dentition is composed by large teeth, strongly carinated, which are slightly curved 
towards the oral cavity. The maximum total size estimated for this species is around 40 
cm.
Finally, New taxon #2 presents a fusiform body, considerably longer (body depth 
represents 20% of SL; see Section 2.3) than the other two taxa. Its dorsal fin is very long 
as well (dorsal fin base represents 35% of SL), and high, and its caudal fin is rounded and 
elongated. Its dentition is constituted by numerous very large (the largest teeth of the 
holotype surpass 6 mm in length) and carinated teeth, some of them strongly curved 
towards the oral cavity. The maximum total size estimation for this species reaches up 
to 80 cm.
Taking all this into account, adult individuals of the “Caturus”-like taxon most 
likely occupied the niche of small-size predators for the ensemble of the ecosystem, 
yet they were likely the largest ones in the particular area excavated at Las Hoyas. 
They may have fed on smaller fishes and also on other kind of animals, such as worms, 
insects, or even small crustaceans. In turn, adult individuals of New taxon #1 and New 
taxon #2 played the role of medium and large-size predators respectively in more open, 
deeper (and probably stable) waters. They most likely fed preferentially on fishes, due 
to their specialized large, hooked-shaped dentition. Individuals of these two taxa would 
come back to the shallower water area of Las Hoyas (corresponding to the excavated 
areas) during the breeding season, in opposition to the “Caturus”-like taxon individuals, 
which would breed elsewhere. This habitat partitioning affecting different organisms 
is common in recent wetlands, which are typically patchy and arranged according to 
blurred ecotones, generating a wide variety of microhabitats and environmental mosaics 
(van der Valk, 2006; van der Valk and Warner, 2009).
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It is important to remark that the precise stratigraphic provenance of numerous 
amiiform specimens are unknown, since many were found outside the systematic 
excavation squares. This has prevented us from carrying out an analysis of the 
taphofacies in order to confirm that the three taxa lived not only in the same area, but 
at the same time (i.e, were actually coeval). This information has been collected only 
during the last years, and is still insufficient to attempt a formal analysis; new findings of 
amiiform specimens in the upcoming excavation campaigns will allow for a more precise 









CHAPTER 9: CONCLUDING REMARKS
9.1 CONCLUSIONS
The main conclusions obtained from the multidisciplinary study of the amiiform 
fishes from Las Hoyas can be summarized as follows:
1.- The fossil record from Las Hoyas includes three taxa of amiiform fishes. These 
three taxa, traditionally respectively assigned to the species Caturus tarraconensis, 
Amiopsis woodwardi, and Vidalamia catalunica from El Montsec, show to represent 
three new species after in-depth revision. Here they are named “Caturus”-like taxon, 
New taxon #1 and New taxon #2 in order to avoid creating nomina nuda. Proper new 
names will be provided in the corresponding publications.
2.- The “Caturus”-like taxon is the less abundant one in the site. Only six 
specimens have been found up to date; considering the relatively poor preservation of 
these individuals, they are not enough to provide a detailed description of the species. 
After phylogenetic analysis, this taxon has shown to present a mosaic combination of 
features diagnostic for both the suborder Caturoidea and the suborder Amioidea.
3.- New taxon #1 is, by far, the most common amiiform at Las Hoyas, known 
from some 20 articulated specimens. This taxon shows characters present in primitive 
amiids like Amiopsis, but also derived characters shared with representatives of the 
subfamily Vidalamiinae. As a consequence, this species is phylogenetically placed at the 
base of that clade. The diagnosis for this new taxon is as follows: a) absence of suborbital 
bones; b) presence of labiolingually compressed, sharply carinate caps of the jaw teeth; 
c) presence of three lateral fossae on most of the vertebral autocentra; d) presence of 
a single articular element on the lower jaw; e) absence of strong ornamentation on the 
dermal bones of the skull; f) relatively short parietal (width-to-length ratio range well 
exceeding 0.90); g) low number of ural autocentra (10 or fewer); h) long and narrow, 
crescent-shaped preopercular; and i) posttemporal with the lateral edge shorter than 
the anterior edge.
4.- New taxon #2 is phylogenetically placed within the subfamily Vidalamiinae. The 
diagnosis for this new species is as follows: a) presence of fewer than five supraneurals; 
b) medium long dorsal fin, with bow-shaped or straight margin, 26-34 segmented rays 
and an estimated 26-34 proximal radials; c) extremely deep supramaxilla, shaped like a 
rounded triangle; d) dermosphenotic included in circumorbital margin; e) low number 
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of epaxial procurrent caudal fin rays (0 to 11).
5.- The Systematic Palaeontology of the amiifroms from Las Hoyas is as follows:
Subclass Actinopterygii Cope, 1887
Infraclass Neopterygii Regan, 1923, sensu Rosen et al., 1981
Division Holostei Müller, 1844, sensu Grande, 2010
Subdivision Halecomorphi Cope, 1872, sensu Grande and Bemis, 1998
Order Amiiformes Hay, 1929, sensu Grande and Bemis, 1998
“Caturus”-like taxon Amiiformes incertae sedis
Superfamily Amioidea Bonaparte, 1838, sensu Grande and Bemis, 1998
Family Amiidae Bonaparte, 1838
Vidalamiinae plesion New taxon #1
Subfamily Vidalamiinae Grande and Bemis, 1998
Tribe Vidalmiini Grande and Bemis, 1998
New taxon #2
6.- The inclusion of these three species into the phylogeny of the order causes the 
position of other taxa to change. Tomognathus is established as sister group to all other 
amiines. Interrelationships among Amia species are solved, and “Amia” hesperia can be 
considered a valid species within this genus. Subfamily Amiopsinae does not represent a 
monophyletic group, and therefore is not a valid taxon. Likewise, it is highlighted that the 
current matrix of amiiform fishes is insufficient, because it contains a very low number 
of characters (69) in comparison with a high number of taxa (43 with a high percentage 
of codified character states).
7.- Amiiform fishes present a low ecomorphological disparity and a relatively 
low diversity in comparison to other neopterygian groups of the fossil record, especially 
pycondontiforms, with which they appear frequently associated and are comparatively 
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analyzed. The fossil record of the Amiiformes extends from the Early Jurassic (maybe 
even Middle Triassic) up to Recent times, being especially diverse during the Cretaceous. 
The historical distribution of this order is mainly explained by vicariant events; the Tethys 
area acted as the center of dispersal and from where the different vicariant events took 
place.
8.- The assessment of New taxon #1 as plesion Vidalamiinae suggests that the 
subfamily had its origin on the Tethys region. The vicariant event that took calamopleurins 
to the Southern Hemisphere would have taken place posteriorly in phylogenetic and 
temporal terms than previously thought. Both Vidalamia catalunica and New taxon 
#2 appearing geographically very close to each other suggests that a process of local 
speciation, perhaps associated with the transition to freshwater environments, took 
place in the Iberian island during the Cretaceous.
9.- Growth cessation marks have been identified in the scales of the three taxa. 
The osseochronometric study of these scales has revealed that the three species present 
remarkably different growth profiles. The “Caturus”-like taxon had a fast growth rate 
at earlier ages and a slower growth rate at older ages. It is estimated that it attained 
sexual maturity at around 3 years old and that it could live up to, at least, 13 years old. 
Maximum total length estimation for this species is over 20 cm. New taxon #1 presented 
a slow but stable growth rate throughout its life cycle. It attained sexual maturity at 2-3 
years old and its longevity was at least 17 years old. Maximum total length is estimated 
to be around 40 cm for this species. New taxon #2 had a growth rate faster than that of 
the other two taxa. It attained sexual maturity at 3 years old, and lived up to, at least, 18 
years old. Maximum total length estimation for this species is around 80 cm.
10.- Growth profiles of the Amiiformes seem to have a phylogenetic signal, since 
all members of the subfamily Amiinae included in this study present much higher growth 
rates then the rest of amiiforms. Additionally, environmental conditions, most especially 
temperature, played an important role in growth as well; warmer climates are associated 
to slower growth rates, whereas colder climates are associated to faster growth rates.
11.- Actuotaphonomy allows us to comprehend the decay or any other 
processes suffered by organisms during their fossilization.  This, in turn, is a previous 
requisite in order to reconstruct the palaeoenvironment of the original ecosystem. 
Actuotaphonomical experimentation with fish carcasses in controlled conditions allows 
confirmation that flotation is not required for the carcasses to curve. Carcasses do suffer 
disarticulation and dispersion as a consequence of the mere decay process itself. Marine 
water environments favor preservation of remains by dehydration, whereas freshwater 
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environments favor total, quicker decomposition of tissues. In this sense, the presence of 
a mechanism of protection, such as the growth of microbial mats, is required to explain 
the exceptional integrity and quality of preservation of the specimens from the fossil 
record of Las Hoyas.
12.- Transport processes, even in very low energy systems, do cause rapid and 
evident abrasion in fish carcasses. The first consequences of such abrasion are the loss 
of scales and the breaking and disarticulation of the distal tips of fin rays, starting with 
those of the dorsal and anal fins. The exceptional preservation at Las Hoyas, where fishes 
present complete and articulated fin rays and scales, accounts for the autochthony of its 
fossil association; that is, remains have fossilized where they were produced.
13.- The autochthony and exceptional preservation of fossils imply that there is 
no taphonomic bias in the association. The set of fossils found for each species can be 
considered as a representative sample of the original populations that inhabited the 
excavated area of Las Hoyas. “Caturus”-like taxon and New taxon #1 presented habitat 
partitioning; juveniles of the former and adults of the latter did not inhabit the excavated 
area of Las Hoyas. New taxon #2 most likely presented habitat partitioning as well, but 
the small sample size does not allow confident confirmation. Habitat partitioning is an 
evidence of niche partitioning; in other words, juveniles and adults of the same species 
would live in different areas and play different ecologic roles. The inclusion of population 
structure information into the trophic network of the ecosystem allows for a more 
accurate definition of the ecologic patterns of species.
14.- The three species present different ecomorphological features, on the basis 
of size and shape of their body, fins, and dentition. In this sense, the “Caturus”-like taxon 
would play the role of a small-sized predator, yet it would most likely be one of the 
largest at the area of Las Hoyas system that has been excavated in squares. In contrast, 
adults of New taxon #1 and New taxon #2 would represent, respectively, medium and 
large-sized predators in more open and stable waters somehow connected to the area 
of Las Hoyas excavated in squares, and would only come back to shallower waters there 
for breeding.
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9.2 FUTURE PROSPECTS
The multidisciplinary approach to the study of the amiiform fishses from Las 
Hoyas presented here has answered some questions but raised many more. The present 
dissertation hopefully supposes the first step for a number of new research projects.
In first place, the “Caturus”-like taxon needs to be described in as much detail 
as the other two species. Considering its tentative assessment as a primitive amiiform, 
a more precise phylogenetic and taxonomical classification of this taxon might prove 
informative and challenging for comprehending the early evolution of the order. Likewise, 
it might bring out relevant implications about the historical palaeobiogeography of the 
group.
The record of New taxon #1 is the most complete among the three taxa. Juveniles 
of a variety of sizes, subadults, and adults up to almost the maximum total length 
estimated for this species are stored at the collections of the Museo de las Ciencias 
de Castilla-La Mancha. In other words, a fairly complete growth series of this fish is 
available, constituting a good basis for ontogenetic studies. Additionally, the exceptional 
preservation of these specimens allows not only for the study of patterns of ossification 
during development, but also for precise morphometric analyses. Understanding how 
the shape of the body and its structures (such as the fins) change throughout the life 
history of the fish would be very useful for understanding the precise ecological niche 
occupied by this species at the different stages of life. This, in turn, would provide 
interesting data for further developing the trophic network of this Cretaceous wetland.
Age and growth studies based on the analysis of growth cessation marks 
deposited in skeletal structures can be attempted for many other fish taxa from Las Hoyas 
as well. For instance, coelacanth scales known from the locality show very remarkable 
concentric marks (Fig 9.1) that may prove to represent seasons of growth delay. Age 
and growth characteristics of several fishes could be analyzed comparatively in order to 
achieve a better understanding of the palaeoecology of the original aquatic ecosystem. 
Going a step further, the comparison of growth characteristics of different taxa along 
the stratigraphic column whenever there is enough information available about the 
stratigraphic provenance of each taxon would provide interesting data for understanding 
the evolution of environmental conditions during the period recorded in the laminated 
limestones of Las Hoyas.
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Figure 9.1. Disarticulated coelacanth scales from Las Hoyas. A) Specimen MCCM LH 26889. B) Specimen 
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9`.1 CONCLUSIONES
A continuación se resumen las principales conclusiones obtenidas a partir del 
estudio multidisciplinar de los peces amiiformes de Las Hoyas:
1.- El registro fósil de Las Hoyas incluye tres taxa de peces amiiformes. Estos tres 
taxa, tradicionalmente asignados respectivamente a las especies Caturus tarraconensis, 
Amiopsis woodwardi y Vidalamia catalunica de El Montsec, aparentan representan tres 
especies nuevas tras una revisión en profundidad. En este trabajo son denominadas 
“Caturus”-like taxon, New taxon #1 y New taxon #2 con el objetivo de no crear nomina 
nuda; las correspondientes publicaciones incluirán sus nuevos nombres científicos.
2.- “Caturus”-like taxon es el menos abundante en el yacimiento. Hasta el 
momento sólo se han encontrado seis especímenes; teniendo en cuenta su relativamente 
pobre preservación, no son suficiente para realizar una descripción detallada de esta 
especie. Tras un análisis filogenético, esta especie ha demostrado presentar un mosaico 
de caracteres diagnósticos tanto del suborden Caturoidea como del suborden Amioidea. 
3.- New taxon #1 es, con diferencia, el más común en el yacimiento; se conocen 
en torno a 20 especímenes articulados. Esta especie muestra caracteres presentes en 
amíidos primitivos como Amiopsis, pero también caracteres derivados típicos de la 
subfamilia Vidalamiinae. Como consecuencia, su posición filogenética se encuentra 
en la base de dicha subfamilia. La diagnosis de este taxón es: a) ausencia de huesos 
suborbitales; b) presencia de cápsulas labiolingualmente comprimidas en los dientes 
de las mandíbulas; c) presencia de tres fosas laterales en la mayoría de autocentros 
vertebrales; d) presencia de un único elemento articular en la mandíbula inferior; e) 
ausencia de fuerte ornamentación en los huesos dérmicos del cráneo; f) hueso parietal 
relativamente corto (relación anchura-longitud superior a 0,90); g) bajo número de 
autocentros urales (10 ó menos); h) hueso preopercular largo y estrecho, con forma 
de luna creciente; i) hueso postemporal con el margen lateral más corto que el margen 
anterior.
4.- New taxon #2 es un miembro de la subfamilia Vidalamiinae. La diagnosis de 
esta especie es la siguiente: a) presencia de menos de cinco supraneurales; b) aleta dorsal 
de longitud media, con un margen recto o en forma de arco, 26-34 radios segmentados y 
26-34 axonostos; c) supramaxila muy alta, con forma de triángulo redondeado; d) hueso 
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dermosphenótico incluido en el margen circumorbitario; e) número reducido de radios 
epaxiales procurrentes en la aleta caudal (0 a 11).
5.- La Paleontología Sistemática de los amiiformes de Las Hoyas sería, por tanto, 
la siguiente:
Subclass Actinopterygii Cope, 1887
Infraclass Neopterygii Regan, 1923, sensu Rosen et al., 1981
Division Holostei Müller, 1844, sensu Grande, 2010
Subdivision Halecomorphi Cope, 1872, sensu Grande and Bemis, 1998
Order Amiiformes Hay, 1929, sensu Grande and Bemis, 1998
“Caturus”-like taxon Amiiformes incertae sedis
Superfamily Amioidea Bonaparte, 1838, sensu Grande and Bemis, 1998
Family Amiidae Bonaparte, 1838
Vidalamiinae plesion New taxon #1
Subfamily Vidalamiinae Grande and Bemis, 1998
Tribe Vidalmiini Grande and Bemis, 1998
New taxon #2
6.- La inclusión de estas tres especies en la filogenia del orden provoca cambios 
en la posición de otros taxa. Tomognathus es establecido como grupo hermano de la 
subfamilia Amiinae. Las relaciones entre las distintas especies de Amia quedan resueltas, 
y “Amia” hesperia puede considerarse una especie de este género. La subfamilia 
Amiopsinae no representa un grupo monofilético, y por tanto no es un taxón válido. 
Así mismo, se pone de manifiesto que la matriz actual para los peces amiiformes es 
insuficiente, pues contiene un número muy reducido de caracteres (69) respecto a 
un elevado número de taxa (43 con un elevado porcentaje de estados de caracteres 
codificados).
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7.- Los peces amiiformes presentan una disparidad ecomorfológica baja y una 
diversidad relativamente baja en comparación con otros grupos de neopterigios del 
registro fósil, especialmente los pycnodontiformes, con los que aparecen asociados 
frecuentemente y son aquí analizados comparativamente. El registro fósil de Amiiformes 
se extiende desde el Jurásico Inferior (posiblemente incluso desde el Triásico Medio) 
hasta nuestros días, siendo especialmente diverso durante el Cretácico. La distribución 
histórica de este orden se explica fundamentalmente en base a procesos de vicarianza; 
el mar de Tethys actuó como centro de dispersión y desde el cuál tuvieron lugar los 
distintos eventos de vicarianza. 
8.- La determinación de New taxon #1 como plesión Vidalamiinae sugiere que 
esta subfamilia se originó en el área del Tethys. El proceso de vicarianza que llevó a la 
tribu Calamopleurini al hemisferio sur habría tenido lugar más tarde de lo previamente 
especulado, tanto filogenética como temporalmente. La proximidad filogenética y 
geográfica entre Vidalamia catalunica y New taxon #2 sugiere que un proceso de 
especiación local tuvo lugar en la Isla Ibérica durante el Cretácico, posiblemente asociado 
a una transición a medios dulceacuícolas.
9.- Se han identificado marcas de parada de crecimiento en las escamas de las 
tres especies. El estudio oseocronométrico de estas escamas muestra que los patrones 
de crecimiento de los tres taxa era diferente. “Caturus”-like taxon tenía un crecimiento 
rápido a edades tempranas, y crecía más despacio en edades tardías. Se estima que 
alcanzaba la maduración sexual en torno a los tres años y que podía vivir al menos hasta 
los 13 años. La longitud total máxima estimada es de aproximadamente 20 cm. New 
taxon #1 presentaba un crecimiento lento pero estable a lo largo de su ciclo vital. Su 
edad de maduración sexual era en torno a los 2-3 años, y su longevidad de al menos 
17 años. La longitud total máxima estimada es de 40 cm. New taxon #2 presentaba un 
crecimiento más rápido que los anteriores. Su edad de maduración sexual era en torno 
a los 3 años, y su longevidad de al menos 18 años. La longitud total máxima estimada es 
de 80 cm.
10.- Los patrones de crecimiento de los peces amiiformes parecen tener un factor 
filogenético, pues todos los miembros de la subfamilia Amiinae estudiados presentan 
un crecimiento mucho más rápido que los demás taxa. Por otro lado, las condiciones 
ambientales, especialmente la temperatura, también jugaron un papel importante en su 
crecimiento; climas más cálidos están asociados con un crecimiento más lento, y climas 
más fríos con un crecimiento más rápido.
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11.- La Actuotafonomía nos permite comprender los procesos de descomposición, 
o cualquier otro proceso, sufridos por los organismos durante su fosilización, lo cual, a 
su vez, es un requisito previo para reconstruir el paleoambiente del ecosistema original. 
Experimentación actuotafonómica con carcasas de peces en condiciones controladas 
permite comprobar que éstas pueden sufrir curvatura sin necesidad de un proceso de 
flotación. Las carcasas pueden sufrir desarticulación y dispersión como consecuencia del 
propio proceso de descomposición. Ambientes de agua salada favorecen la preservación 
de los restos por deshidratación, mientras que ambientes de agua dulce favorecen 
la total y más rápida descomposición de los tejidos. En este sentido, es necesaria la 
presencia de un mecanismo de protección, como el crecimiento de tapetes microbianos, 
que permitiese la excepcional integridad y calidad de preservación de los especímenes 
del registro fósiles de Las Hoyas.
12.- Los procesos de transporte, incluso en sistemas de muy baja energía, causan 
una rápida y evidente abrasión de las carcasas de peces. Las primeras consecuencias de 
esta abrasión son la pérdida de escamas y la rotura y desarticulación de los extremos 
distales de los radios de las aletas, comenzando por los de las aletas dorsal y anal. De 
la excepcional preservación característica de Las Hoyas se deduce que sus restos son 
autóctonos, es decir, han fosilizado en el mismo lugar donde fueron producidos.
13.- La autoctonía de la asociación fósil y su excelente preservación implican 
que no existe un sesgo tafonómico; el conjunto de especímenes encontrados de cada 
taxón puede ser considerado como una muestra representativa de la población que 
habitó originalmente el área excavada de Las Hoyas. “Caturus”-like taxon y New taxon 
#1 presentaban división de hábitats; tanto los juveniles del primero como los adultos del 
segundo no habitaban en el área excavada de Las Hoyas. New taxon #2 probablemente 
presentaba división de hábitats también, pero el reducido tamaño muestral de esta 
especie no permite asegurarlo con seguridad. La división de hábitats es una evidencia 
de división de nichos; en otras palabras, los juveniles y los adultos de una misma 
especie vivirían en áreas distintas y jugarían papeles ecológicos distintos. La inclusión 
de información sobre la estructura poblacional de las especies en la red trófica del 
ecosistema permite definir con mayor precisión los patrones ecológicos de las mismas.
14.- Las tres especies presentan distintas características ecomorfológicas en base 
a la forma y tamaño de su cuerpo, aletas, y dentición. Así, “Caturus”-like taxon sería un 
depredador de relativamente pequeño tamaño, pero uno de los más grandes en el área 
de Las Hoyas que ha sido excavado en cuadrículas. En cambio, los adultos de New taxon 
#1 y New taxon #2 representarían el papel de depredadores de medio y gran tamaño, 
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respectivamente, en  un sistema de aguas más abiertas y estables conectado al área de 
Las Hoyas excavada en cuadrículas, y sólo volverían a aguas poco profundas durante la 
temporada de reproducción.
CHAPTER 9: CONCLUDING REMARKS  |  CONSIDERACIONES FINALES
[ 348 ]
9`.2 PERSPECTIVAS DE FUTURO
La aproximación multidisciplinar al estudio de los peces amiiformes del yacimiento 
de Las Hoyas aquí presentada ha dado respuesta a varias preguntas, pero ha generado 
muchas más. En este sentido, esperamos que la presente tesis sea el primer paso de 
numerosos proyectos de investigación.
En primer lugar, se requiere una descripción para “Caturus”-like taxon tan detallada 
como la de las otras dos especies. Teniendo en cuenta su asignación preliminar como un 
miembro primitivo del orden Amiiformes, una clasificación taxonómica y filogenética 
más precise de este taxón puede resultar muy informativa para comprender la evolución 
temprana de este orden. De la misma manera, puede conllevar implicaciones relevantes 
para la paleobiogeografía histórica del grupo.
El registro de New taxon #1 es el más completo de entre las tres especies. La 
colección del Museo de las Ciencias de Castilla-La Mancha incluye juveniles de varias tallas, 
subadultos, y adultos hasta un tamaño muy cercano a la longitud total máxima estimada 
para esta especie. En otras palabras, hay disponible una serie de crecimiento bastante 
completa de este pez, lo cual constituye una buena base para estudios ontogenéticos. 
Además, la preservación excepcional de estos especímenes no solo permite el estudio 
de sus patrones de osificación durante el desarrollo, sino también análisis morfométricos 
precisos. Comprender cómo la forma del cuerpo y sus estructuras (como por ejemplo 
las aletas) cambia a lo largo de la vida de estos peces resultaría muy interesante para 
entender el nicho ecológico preciso ocupado por esta especie en las distintas etapas de 
su vida. Esto, a su vez, aportaría valiosa información para avanzar en el desarrollo de la 
red trófica de este humedal del Cretácico.
Estudios sobre la edad y crecimiento basados en las marcas de parada de 
crecimiento depositadas en estructuras esqueléticas pueden llevarse a cabo en muchos 
otros taxa de peces de Las Hoyas. Por ejemplo, las escamas de celacantos recuperadas 
en el yacimiento presentan una serie de marcas concéntricas muy llamativas (Fig 9`.1) 
que podrían representar estaciones de crecimiento retardado. Un análisis comparativo 
de las características de edad y crecimiento de diversos peces podría llevarse a cabo 
para alcanzar una mejor comprensión de la paleoecología del ecosistema acuático 
original. Yendo un paso más lejos, la comparación de los patrones de crecimiento 
de distintas especies respecto a su posición en la columna estratigráfica, tan pronto 
como dispongamos de información sobre la proveniencia estratigráfica de cada taxón, 
proporcionaría interesantes datos para comprender la evolución de las condiciones 
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ambientales durante el periodo registrado en las calizas laminadas de Las Hoyas.
Figura 9`.1. Escamas desarticuladas de celacantos de Las Hoyas. A) Espécimen MCCM LH 26889. B) 
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Standard Error of Arithmetic 
Mean 0,006
95,0% LCL of Arithmetic Mean 0,079





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































VON BERTALANFFY GROWTH CURVES
Age      “Caturus”-like taxon           New taxon #1                New taxon #2
0   
1 2,34 1,65 2,58
2 3,32 2,51 4,1
3 4,14 3,29 5,46
4 4,81 4 6,67
5 5,37 4,66 7,76
6 5,83 5,25 8,74
7 6,21 5,8 9,61
8 6,52 6,3 10,39
9 6,78 6,76 11,09
10 7 7,18 11,71
11 7,18 7,56 12,27
12 7,32 7,92 12,77
13 7,45 8,24 13,22
14  8,53 13,62
15  8,8 13,98
16  9,04 14,3
17  9,27 14,58
18   14,84
AGE DISTRIBUTION AND MORTALITY
“Caturus”-like taxon New taxon #1 New taxon #2
Age Frequency ln (frq) Frequency ln (frq) Frequency ln (frq)
0 3 49 3,892 9 2,197
1 1 18 2,890 2 0,693
2 6 20 2,996 2 0,693
3 11 2,398 14 2,639 1 0
4 6 1,792 0 4 1,386
5 8 2,079 1 1 0
6 4 1,386 2 3 1,099
7 2 0,693 0 1 0
8 1 0 2 0
9 0 2 0
10 0 0 2
11 1 0 0
12 0 1 1
13 1 0 0
14 0 1 1
15 0 0 0
16 0 0 0
17 0 1 0
18 0 0 1
Total 44 111 28
[ 385 ]
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OLS REGRESSION (“CATURUS”-LIKE TAXON, AGES 3-8 YEARS OLD)




Squared Multiple R 0,896
Adjusted Squared Multiple R 0,870
Standard Error of Estimate 0,325
Regression Coefficients B = (X’X)-1X’Y
Effect Coefficient Standard Error
Std. 
Coefficient Tolerance t p-Value
CONSTANT 3,902 0,448 0,000 . 8,717 0,001
AGE_CATURUS -0,457 0,078 -0,947 1,000 -5,873 0,004
Analysis of Variance
Source SS df Mean Squares F-Ratio p-Value
Regression 3,647 1 3,647 34,490 0,004
Residual 0,423 4 0,106   
Case 3 is an Outlier (Studentized Residual : 2,167)
Durbin-Watson D-Statistic 1,759







OLS REGRESSION (NEW TAXON #1, AGES 0-3 YEARS OLD)




Squared Multiple R 0,746
Adjusted Squared Multiple R 0,619
Standard Error of Estimate 0,337
Regression Coefficients B = (X’X)-1X’Y
Effect Coefficient Standard Error
Std. 
Coefficient Tolerance t p-Value
CONSTANT 3,652 0,282 0,000 . 12,957 0,006
AGE_NEW_TAXON_1 -0,365 0,151 -0,864 1,000 -2,425 0,136
Analysis of Variance
Source SS df Mean Squares F-Ratio p-Value
Regression 0,667 1 0,667 5,878 0,136
Residual 0,227 2 0,113   
Case 1 has large Leverage (Leverage : 0,700)
Case 1 is an Outlier (Studentized Residual : 2,319)
Case 2 is an Outlier (Studentized Residual : -9,704)
Case 4 has large Leverage (Leverage : 0,700)
Durbin-Watson D-Statistic 2,759







OLS REGRESSION (NEW TAXON #2, AGES 0-7 YEARS OLD)




Squared Multiple R 0,272
Adjusted Squared Multiple R 0,151
Standard Error of Estimate 0,723
Regression Coefficients B = (X’X)-1X’Y
Effect Coefficient Standard Error
Std. 
Coefficient Tolerance t p-Value
CONSTANT 1,344 0,467 0,000 . 2,878 0,028
AGE_NEW_TAXON_2 -0,167 0,112 -0,522 1,000 -1,498 0,185
Analysis of Variance
Source SS df Mean Squares F-Ratio p-Value
Regression 1,174 1 1,174 2,244 0,185
Residual 3,140 6 0,523   
Durbin-Watson D-Statistic 2,695







NONLINEAR MODELS (“CATURUS”-LIKE TAXON)
Iteration History
No. Loss LDINF K T0
0 858,538 10,000 0,102 1,030
1 148,847 6,497 0,163 -1,315
2 8,018 8,006 0,197 -0,598
3 5,829 8,017 0,191 -0,799
4 5,822 8,027 0,191 -0,811
5 5,822 8,028 0,190 -0,812
6 5,822 8,028 0,190 -0,812
Dependent Variable:LD_”Caturus”-like taxon
Zero weights, missing data or estimates reduced degrees of freedom
Sum of Squares and Mean Squares
Source SS df Mean Squares
Regression 3.250,798 3 1.083,599
Residual 5,822 172 0,034
Total 3.256,620 175  
Mean corrected 343,664 174  
R-squares
Raw R-square (1-Residual/Total) : 0,998
Mean Corrected R-square (1-Residual/Corrected) : 0,983
R-square(Observed vs. Predicted)  : 0,983
Parameter Estimates
Parameter Estimate ASE Parameter/ASE Wald 95% Confidence Interval
Lower Upper
LDINF 8,028 0,134 59,832 7,763 8,293
K 0,190 0,008 25,218 0,176 0,205
T0 -0,812 0,055 -14,732 -0,921 -0,703
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NONLINEAR MODELS (NEW TAXON #1)
Iteration History
No. Loss LDINF K T0
0 624,586 10,000 0,102 1,030
1 28,105 11,616 0,090 -0,623
2 26,767 11,687 0,089 -0,712
3 26,767 11,686 0,089 -0,712
4 26,767 11,686 0,089 -0,712
Dependent Variable:LD_New taxon #1
Sum of Squares and Mean Squares
Source SS df Mean Squares
Regression 3.150,686 3 1.050,229
Residual 26,767 236 0,113
Total 3.177,453 239  
Mean corrected 1.102,331 238  
R-squares
Raw R-square (1-Residual/Total) : 0,992
Mean Corrected R-square (1-Residual/Corrected) : 0,976
R-square(Observed vs. Predicted)  : 0,976
Parameter Estimates
Parameter Estimate ASE Parameter/
ASE
Wald 95% Confidence Interval
Lower Upper
LDINF 11,686 0,434 26,957 10,832 12,540
K 0,089 0,006 16,246 0,079 0,100




NONLINEAR MODELS (NEW TAXON #2)
Iteration History
No. Loss LDINF K T0
0 2.725,213 10,000 0,102 1,030
1 278,950 16,951 0,116 -1,549
2 17,476 17,028 0,110 -0,462
3 17,033 17,030 0,111 -0,482
4 17,033 17,032 0,111 -0,482
5 17,033 17,032 0,111 -0,482
Dependent Variable:LD_New taxon #2
Zero weights, missing data or estimates reduced degrees of freedom
Sum of Squares and Mean Squares
Source SS df Mean Squares
Regression 9.234,277 3 3.078,092
Residual 17,033 140 0,122
Total 9.251,310 143  
Mean 
corrected 2.081,394 142  
R-squares
Raw R-square (1-Residual/Total) : 0,998
Mean Corrected R-square (1-Residual/Corrected) : 0,992
R-square(Observed vs. Predicted) : 0,992
Parameter Estimates
Parameter Estimate ASE Parameter/
ASE
Wald 95% Confidence Interval
Lower Upper
LDINF 17,032 0,303 56,148 16,432 17,631
K 0,111 0,004 27,956 0,103 0,119




DETAILED LIST OF MATERIAL USED IN THE FIRST EXPERIMENT
• Aquarium “Aqua Light”, 100 L (x2).
• Methacrylate tank, 100 L.
• Kitasato flask.
• Pressure gauge with mercury “Álamo”.
• Water heater “Vulcan”, 50 watt (x2).
• Heating blanket “Termo Heat”, 20 watt.
• Analog hygrometer “Eurozoo”.
• Calibre “Manostat” (accuracy = 0.1 mm).
• Scale “Precisa XB1200C” (accuracy = 0.01 g).
• Thermometer “Quartz” (accuracy = 0.1 ºC).
• pHmeter “Milwaukee” (accuracy = 0.1 pH).
• Oximeter “Crison OXI330” (accuracy = 0.01 mg/l; 0.1%; 0.1 ºC).
DETAILED LIST OF MATERIAL USED IN THE SECOND EXPERIMENT
• Straight surface of rough texture, 78.5 cm in length.
• Cylindrical cristal flask, 90 ml.
• Parafilm “American National Can”.
• Cotton tissue.
• Binocular magnifying glass “Olympus SZ51”.
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0 22.1 20.5 20.4 18.2 17.4 28.9 28.1 29.2 29.9 31.3
12 19.7 17.5 17.3 15 14.4 25.7 24.7 26.3 26.4 29.2
24 18.6 17.1 16.9 13.9 14.2 25 24.8 24.8 25.7 27.4
36 18.1 16.9 16.1 14.7 13.3 24.3 24.3 24.6 24.7 26.9
48 17.2 16.9 15.7 12.6 13.2 24 23.6 23.5 24.3 26.9
60 17.4 16.7 15.8 13.3 12.9 24 23.7 23.9 24.5 25.6
72 17.7 16.4 15.8 13.6 13.3 23.7 23.7 22.9 24.3 25.8
84 17.6 16.4 15.8 13.1 13 23.8 23.8 22 24.2 25.3
96 17.2 16.4 15.8 13.2 12.9 23.8 23.8 22.9 23.9 25.1
108 17.4 16.6 16.1 13.2 12.9 23.9 23.7 22.9 24.2 25.2
120 17.5 16.6 15.5 13.2 12.8 23.9 23.5 22.7 24.1 25.5
132 17.2 16.3 15.6 12.7 12.7 23.9 23.7 22.7 24.1 25.2
144 17.6 16.5 15.6 12.8 12.9 23.9 23.5 22.6 23.9 25.1
156 17.2 16.3 15.7 12.9 12.7 23.7 23.6 22.3 23.9 24.9
168 17.2 16.5 15.7 12.8 12.9 23.8 23.6 22.5 24.1 25.2
180 17.1 16.4 15.5 12.7 12.8 23.7 23.6 22.6 23.8 25.1
192 17.2 16.3 15.8 12.9 12.7 23.8 23.7 22.6 23.9 24.9
204 17.2 16.7 15.8 12.9 12.7 23.8 23.6 22.4 23.8 25
216 17.6 16.4 15.6 12.8 12.8 23.7 23.5 22.4 23.9 25.1
228 17.1 16.7 15.9 12.8 12.7 23.6 23.5 22.5 23.9 25.1
240 17.6 16.3 15.6 12.9 12.7 23.7 23.6 22.7 23.9 24.9
252 17.6 16.2 15.6 12.8 12.7 23.8 23.6 22.6 24.2 24.9
264 17.5 16.7 15.5 12.9 12.7 23.7 23.4 22.8 24.8 24.9
276 17.3 16.6 15.6 12.7 12.6 23.7 23.6 22.6 23.8 25
288 17.6 16.6 15.5 12.7 12.7 23.8 23.7 22.6 24.1 25.1
300 17.3 16.6 15.6 12.9 12.7 23.8 23.6 22.6 23.8 25.1
312 17.4 16.4 15.6 12.8 12.6 23.9 23.7 22.6 23.7 24.9
324 17.6 16.7 15.7 12.7 12.5 23.7 23.6 22.7 23.8 25.1
336 17.3 16.3 15.6 12.9 12.8 23.8 23.7 22.6 23.6 24.9














































































































360 17.4 16.4 15.5 12.8 12.8 23.8 23.6 22.6 23.8 25.2
372 17.3 16.6 15.8 12.9 12.8 23.8 23.6 22.6 23.9 25
384 17.4 16.6 15.6 12.7 12.7 23.8 23.7 22.5 23.7 24.9
396 17.3 16.4 15.6 12.8 12.8 23.8 23.6 22.7 23.8 25.1
408 17.4 16.6 15.4 12.9 12.7 23.7 23.6 22.5 23.9 25
420 17.4 16.6 15.8 12.9 12.8 23.7 23.5 22.5 24.1 25
432 17.4 16.5 15.5 13 12.9 23.6 23.5 22.5 24 24.9
444 17.4 16.6 15.6 12.9 12.8 23.6 23.5 22.6 24.1 24.9
456 17.5 16.5 15.5 12.9 12.9 23.6 23.6 22.4 23.9 25
468 17.4 16.4 15.6 12.9 12.8 23.6 23.5 22.5 23.2 24.9
480 17.3 16.7 15.4 12.9 12.5 23.6 23.6 22.5 23.9 25
492 17.4 16.6 15.6 12.9 12.9 23.7 23.6 22.5 24 25.1
504 17.3 16.5 15.6 12.9 12.7 23.7 23.6 22.6 23.9 24.9
516 17.5 16.5 15.5 12.8 12.8 23.7 23.6 22.6 23.9 24.9
528 17.3 16.5 15.5 12.9 12.8 23.7 23.6 22.6 24 25
540 17.4 16.4 15.6 12.9 12.7 23.7 23.6 22.5 23.8 24.9
552 17.6 16.5 15.5 12.9 12.8 23.7 23.6 22.5 23.7 25.1
564 17.5 16.4 15.6 12.9 12.8 23.7 23.5 22.5 24.2 25
576 17.6 16.5 15.5 12.9 12.8 23.7 23.7 22.5 23.8 24.9
588 17.5 16.4 15.6 12.9 12.9 23.7 23.7 22.5 24.1 25.2
600 17.4 16.3 15.6 12.9 12.9 23.7 23.6 22.5 23.7 24.9
612 17.5 16.4 15.5 12.9 12.7 23.7 23.6 22.5 24.1 25
624 17.4 16.5 15.4 12.9 12.9 23.7 23.6 22.5 24.1 24.9
636 17.5 16.4 15.5 12.8 12.8 23.7 23.6 22.5 23.8 25
744 17.3 16.4 15.5 12.9 12.9 23.6 23.6 22.5 23.4 24.8
816 17.3 16.4 15.5 12.7 12.8 23.6 23.5 22.4 23.9 24.9
888 17.3 16.4 15.5 12.8 12.8 23.7 23.6 22.5 24 24.9
1068 17.4 16.4 15.6 13 12.8 23.6 23.6 22.4 23.9 25
1188 17,4 16,4 15,6 12,8 12,9 23,6 23,4 22,6 24 25,2
1332 17,6 16,6 15,5 12,8 12,8 23,6 23,5 22,6 24 24,9









































































































0 37.7 40.6 34.6 37.8 37.1 15.8 14 8.6 30 7.9 30
12 34.3 37.2 31.6 34.8 33.8 19.5 50 8.4 30.3 7.7 30.5
24 34.1 34.7 30.3 33.9 30.9 19.5 50 8.2 29.8 7.8 30.6
36 33.4 34.9 29.6 32.9 31.7 20.2 50 8.2 30 7.8 30.4
48 33.1 35.8 30 33.8 32.2 18.7 46 8.2 29.7 7.7 30.7
60 33.2 35.9 30.4 33.8 32.4 19.5 42 8.2 29.2 7.5 30.3
72 32.9 35.8 29.9 33.6 32.5 19.4 40 8.3 29.4 7.5 30.5
84 32.6 35.6 30.1 33.5 32.3 19.2 34 8.4 29.7 7.4 30.2
96 32.8 35.9 29.9 33.9 32.2 19.4 28 8.4 29.1 7.4 30.5
108 32.5 35.6 29.8 33.4 32.3 19.5 20 8.4 29.9 7.4 30.6
120 32.7 35.8 29.9 33.8 32.3 19.5 16 8.5 29.6 7.3 30.8
132 32.6 35.7 29.7 33.6 32 19.5 10 8.5 29.5 7.4 30.5
144 32.4 35.5 29.7 33.5 31.9 18.1 8 8.5 29.3 7.4 30.3
156 32.2 35.8 29.6 32.9 32.1 19.4 8 8.5 29.1 7.4 30
168 32.6 35.4 29.4 33.3 31.9 18.7 8 8.5 28.2 7.4 29.8
180 32.4 35.5 29.9 33.4 32.1 19.4 6 8.4 28.7 7.4 30
192 32.5 35.4 29.6 33.5 31.8 18.7 6 8.4 29.3 7.5 30
204 32.3 35.4 29.7 33.3 31.9 20 5 8.3 28.6 7.5 30.1
216 32.4 35.3 29.3 33.2 31.9 18.6 4 8.2 28.9 7.5 30.1
228 32.3 34.9 29.6 33.5 32.9 20.6 2 8.1 28.7 7.6 30
240 32.4 35.1 29.6 33.2 32 18.7 2 8.2 28.7 7.7 29.5
252 32.3 35.2 29.7 32.9 32.1 19.5 1 8.2 30 7.7 29.8
264 32.4 35.3 29.6 32.8 32 19.5 7 8.3 29.7 7.7 30.6
276 32.4 35.3 29.6 32.6 32.1 19.5 9 8.5 29.9 7.7 29.3
288 32.4 35.3 29.7 32.9 31.9 18.4 8 8.5 29 7.8 29.9
300 32.3 35.3 29.5 32.8 31.9 19.5 3 8.5 29.1 7.8 30.1
312 32.6 35.2 29.6 32.8 31.9 18.5 5 8.6 29.5 7.8 30
324 32.5 35.2 29.6 33 31.9 20 3 8.5 29.3 7.9 30.3
336 32.4 35.3 29.4 33.2 31.9 18.8 5 8.6 29.7 7.9 30.1
348 32.2 35.2 29.8 33.1 32 20 5 8.6 29.3 8 30









































































































372 32.5 35.3 29.7 32.7 31.6 19.9 7 8.7 28.8 8 30.1
384 32.4 35.4 29.6 32.7 31.8 19 1 8.7 28.8 8 29.7
396 32.3 35 29.6 32.9 31.8 20 0 8.7 29 8 30.3
408 32.2 35.1 29.6 32.7 31.8 18.5 0 8.7 28.9 8.1 29.7
420 32.3 35.3 29.8 33.1 31.9 20.1 0 8.7 28.7 8.1 30
432 32.3 35.3 29.6 32.7 31.6 18.3 0 8.7 26.4 8.1 29.6
444 32.1 35.1 29.8 33 31.6 19.5 0 8.6 28.7 8.2 29.8
456 32.4 35 29.5 32.9 31.6 18.6 0 8.8 28.2 8.2 29.9
468 32.2 35.1 29.7 32.8 31.7 19.5 0 8.7 29 8.2 30.3
480 32.2 35.1 29.5 32.9 31.4 19.5 0 8.7 28.2 8.3 29.7
492 32.3 35.1 29.6 32.8 31.6 20.3 0 8.8 29 8.3 30.4
504 32.2 35.1 29.5 32.6 31.7 18.4 0 8.8 28.8 8.3 30
516 32.3 35.4 29.6 33 32 19.4 0 8.7 28 8.3 30.1
528 32.2 34.7 29.5 32.7 31.6 18.7 0 8.7 28.7 8.3 29.7
540 32.3 35.1 29.6 32.8 31.4 20.1 0 8.7 29.1 8.3 30.2
552 32.3 35.2 29.3 32.9 31.7 18.8 0 8.8 28 8.3 29.7
564 32.3 35.3 29.5 32.9 32.1 19.1 0 8.8 18.3 8.3 30.1
576 32.1 35.2 29.3 32.8 31.9 18.4 0 8.7 28.6 8.4 29.6
588 32.2 35.3 29.5 32.9 31.9 20 0 8.8 29.6 8.4 30.1
600 32.3 34.6 29.5 32.8 31.6 20.1 0 8.7 29.4 8.4 30
612 32.3 34.9 29.8 32.7 31.6 20.8 0 8.8 29.3 8.4 30
624 32.4 35.1 29.7 32.8 31.5 20.1 0 8.8 29.6 8.4 30.5
636 32.3 34.9 29.6 32.8 32 20.1 0 8.7 29.3 8.4 30.3
744 32.2 34.9 29.3 32.8 31.4 16.7 0 8.7 26.8 8.4 29.7
816 32.2 35.3 29.5 33 31.9 16.2 0 8.7 26.7 8.4 29.4
888 32.2 35.3 29.4 32.7 31.9 25.8 0 8.8 27.8 8.4 29.7
1068 32.7 35.1 29.7 32.7 32 17.3 0 8.8 28.7 8.4 26.7
1188 32.4 35.2 29.7 32.6 31.9 17.2 0 8.8 28.3 8.4 28.5
1332 32.3 35 29.5 32.8 31.8 18.2 0 8.8 28.4 8.3 29.7
1500 32.3 35.4 29.6 32.9 32 17 0 8.8 29 8.2 30
CHAPTER 11: APPENDICES
[ 396 ]
LENGTH MEASURES AND STRAIGTHNESS INDEX
Initial Length (mm) Final Length (mm) Straightness index
Dry – Small 22.1 17.3 0.78280543
Dry – Small 20.5 16.2 0.7902439
Dry – Small 20.4 15.7 0.76960784
Dry – Small 18.2 12.7 0.6978022
Dry – Small 17.4 12.8 0.73563218
Dry – Medium 28.9 23.6 0.816609
Dry – Medium 28.1 23.5 0.83629893
Dry – Medium 29.2 22.6 0.7739726
Dry – Medium 29.9 24 0.80267559
Dry – Medium 31.3 24.9 0.79552716
Dry – Large 37.7 32.3 0.85676393
Dry – Large 40.6 35.4 0.87192118
Dry – Large 34.6 29.6 0.85549133
Dry – Large 37.8 32.9 0.87037037
Dry – Large 37.1 32 0.86253369
Marine – Small 75 68 0.90666667
Marine – Small 75 66 0.88
Marine – Medium 83 72 0.86746988
Marine – Medium 83 73 0.87951807
Marine – Large 115 108 0.93913043
Marine – Large 116 113 0.97413793
Marine – Large 112 108 0.96428571
Marine – Large 117 112 0.95726496
Marine – Large 112 106 0.94642857
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TIME MEASURES TAKEN IN THE SECOND EXPERIMENT
1.67 1.85 1.75 1.56 1.99 1.76 1.94 2.00 1.82 1.77
1.85 1.87 1.64 1.77 1.81 1.94 1.76 1.79 1.95 1.87
1.72 1.90 1.61 1.75 1.74 1.65 1.78 1.83 1.90 1.79
1.60 1.74 1.62 1.76 1.90 1.71 1.81 1.96 2.03 1.84
1.86 1.73 1.64 1.77 1.81 1.80 2.09 1.94 1.67 1.78
1.74 1.64 1.75 1.78 1.62 1.66 1.73 1.77 1.76 1.77
1.84 1.70 1.87 1.70 1.80 1.84 1.91 1.83 1.77 1.79
1.75 1.72 1.83 1.74 1.71 1.93 1.72 1.75 1.95 1.72
1.97 1.69 1.64 1.59 1.71 1.75 1.86 1.77 1.94 1.78
1.86 1.79 1.65 1.52 1.67 1.85 1.80 2.00 1.77 1.82
Mean: 1.78 s
WEIGHT MEASURES OF THE SECOND EXPERIMENT
Fish corpse Water + sediment + tube  Total
Large 4.05 g 141.96 g 146.01 g
Medium 1.31 g 142.34 g 143.65 g
Small 0.50 g 142.05 g 142.55 g


